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Editorial Note regarding Semiconductors 


A” but one of the papers that comprise this issue discuss practical ap- 
lications of semiconductors and touch upon their properties as em- 
ployed in rectifying devices, detectors, and in a new amplifying unit—the 
so-called transistor. These semiconductor papers all relate to one another 
and present, as a whole, a current but well developed account of the be- 
havior and uses of these very promising additions to today’s vast array of 
electrical applicances. 

Because semiconductors are relative newcomers, few engineers have as yet 
had occasion to become familiar with their characteristics and the reasons 
for their somewhat unexpected performance. Accordingly, it seems appro- 
priate to preface the present group of papers with a brief introductory note 
devoted to the nature of the physical phenomena encountered. 

The semiconductors of interest in the communications art are electronic 
rather than ionic conductors, and include copper oxide, various other oxides, 
selenium, germanium and silicon. Being electronic conductors, the constitu- 
ent atoms remain in fixed positions. They may lose or gain electrons during 
the conduction process but the structure of the conductor as a whole and its 
chemical composition are not affected. 

Basic to the theory of these semiconductors is the idea that electrons can 
carry current in two distinguishable and distinctly different ways: one being 
called ‘excess conduction,” ‘‘conduction by excess electrons,’ or simply 
“conduction by electrons;” and the other being called ‘‘deficit conduction”’ 
or ‘“‘conduction by holes.” The possibility that these two processes may be 
simultaneously and separably active in a semiconductor affords a basis for 
explaining transistor action. 

We shall confine our attention to the behavior of electrons within the sili- 
con and germanium type of crystal lattice, and especially as it is modified 
by minute amounts of suitably chosen impurities.’ 

1 There has been very marked development in the understanding of semiconductors 
since 1940. This understanding is an outgrowth of the research and development program 
on crystal rectifiers undertaken in connection with the radar program during the war and 
continued in several laboratories thereafter. Some of the wartime work was carried out in 
the Radiation Laboratory of M.I.T., which operated under the supervision of the National 
Defense Research Committee. The Radiation Laboratories Series volume “Crystal Recti- 


fiers’ by H. C. Torrey and C. A. Whitmer reports this program and mentions in particular 
as chief contributors to crystal research and development in England: the General Electric 
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Silicon and germanium form what are called “covalent crystals,” the 
atoms being held together by ‘‘electron-pair bonds” formed by the valence 
electrons. The covalent bond in the hydrogen molecule is the simplest elec- 
tron-pair bond. Figure 1 represents two hydrogen atoms and a hydrogen 
molecule.? Each atom consists of a proton and one electron. The proton 
weighs approximately 2,000 times as much as the electron and is a relatively 
immobile particle about which the electron moves in its orbit or quantum 
mechanical wave function. In an isolated atom, this wave function has 
spherical symmetry and the electronic charge is distributed on the average 
as a diffuse sphere centered about the proton. When the two atoms are 
brought close together, interaction between the wave functions of the two 
electrons takes place and the electronic cloud of each becomes modified, as 
suggested in the figure. The result is to produce an extra accumulation of 
charge between the two protons which acts to bind them together. Accord- 
ing to quantum mechanicai laws associated with the “Pauli exclusion prin- 
ciple,” the bond is especially stable when it contains precisely two electrons. 
It is weakened considerably by removal of one electron and is not greatly 
strengthened by the addition of a third electron. This special stability of the 
electron-pair bond or covalent bond is a fundamental fact of chemistry which 
is now quite well understood on the basis of wave mechanics. 

The elements carbon, silicon and germanium have the common feature of 
being tetravalent. Although they possess respectively 6, 14 and 32 electrons 
all together, in each case only four of these are able to enter into chemical 
reactions. The remaining electrons are closely bound to the nucleus produc- 
ing a stable “‘ionic core” having a net charge of +4 units. This core can be 
regarded as completely inactive so far as electronic processes in chemical 
reactions and in semiconductors are concerned. 

Each of these atoms tends to form covalent or electron-pair bonds with 
four other atoms. This tendency is completely satisfied in the diamond lat- 
tice which is the crystalline form of all three elements. The lattice, shown in 
Fig. 2, is a cubic arrangement and may be regarded as made up of four in- 
terpenetrating simple cubic lattices like the one formed by the atoms on the 
four corners of the cube shown. In this structure each typical atom is sur- 
rounded by four neighbors regularly placed about it, with which it forms four 


Company, British Thompson-Houston Ltd., Telecommunications Research Establishment 
and Oxford University; and in the United States: the Bell Telephone Laboratories, West- 
inghouse Research Laboratory, General Electric Company, Sylvania Electric Products, 
Inc., and the E.I. duPont deNemours and Company. It is also pointed out that the crystal 
groups at the University of Pennsylvania and Purdue University, who operated under 
N.D.R.C. contracts, were responsible for much fundamental work. 

2 The figures in this introduction and the text associated with them, like the following 
paper on “Hole Injection in Germanium”’, follow closely the presentation in a book en- 
titled “Holes and Electrons, an Introduction to the Physics of Transistors’? now under 
preparation by W. Shockley. 
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covalent bonds. These neighbors are arranged on the corners of a regular 
tetrahedron in conformity with the known chemical behavior of the tetra- 
hedral carbon atom.’ For purposes of discussion of conductivity in these 
crystals, we shall represent the three-dimensional array in two dimensions 
as is shown in Fig. 3, indicating that each carbon atom forms an electron- 
pair bond with four neighbors. 

On the basis of this valence bond structure we can intuitively see why 
diamond should be an insulator. Although it contains a large number of 
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electrons, as does a metal, the covalent bond is a quite different structure 
from the metallic bond. In an ideally perfect diamond crystal, each valence 
bond would contain its two electrons; therefore, every electron would be 
tightly bound and thus unable to enter into the conduction process. 
Conductivity can be produced in diamond, however, in a number of ways, 
all of which involve destroying the perfection of the valence bond structure. 
3 Long before the arrangement of atoms in the diamond crystal was established by 
X-rays, the organic chemists had concluded that carbon formed four bonds at the tetra- 


hedral angles—a truly remarkable result of inductive reasoning based on observations of 
the optical properties of solutions of organic compounds. 
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Thus, if high-energy particles or quanta of radiation fall upon the crystal, 
they can break the bonds. Conductivity in diamond induced by bombard- 
ment in this way has recently received considerable prominence in connec- 
tion with “‘crystal counters” which have been used to detect nuclear parti- 
cles and in experiments on conductivity induced by electron bombardment. 
An electron ejected from a bond constitutes a localized negative charge in 
the crystal and, since initially the bond structure was electrically neutral, 
the electron as it departs from its point of liberation leaves behind an equal, 
localized positive charge. Such a migratory electron, because it represents 











Fic. 2. 


an excess over and above that required to complete the bond structure in 
its neighborhood, is called an “excess electron.”’ Since it cannot enter any 
of the completed bonds in the lattice, it moves about in the crystal in a ran- 
dom manner under the influence of thermal agitation. If an electric field is 
applied, it tends to drift in the direction of the applied force and to carry a 
current. This illustrates conduction by excess electrons (referred to simply 
as conduction by electrons) and, as we shall see, is to be distinguished from 
the other process whereby an electron deficit enables conduction to be ef- 
fected by “holes.” 

Such a hole, constituting a net, localized, positive charge in the crystal, 
moves from place to place by a reciprocal motion of electrons in the valence 
bonds; and, under the influence of an electric field, its random motion ac- 
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quires a systematic drift. Therefore it also can contribute to the current; 
in other words, current can flow as well by virtue of a deficit of electrons as 
by an excess of them. 

In an illuminated and bombarded diamond crystal the electrons and holes, 
produced in pairs by the excitation, will of course drift in opposite directions 
under the influence of a field; the electron, being negative, drifts in the op- 
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posite direction from the applied field, but its current is in the direction of 
the field. In the case of the hole, the reciprocal electron motions are once more 
opposite to the direction of the field (on the average). As a consequence, the 
net result is that the hole drifts in a direction to increase the current repre- 
sented by the electrons. If the source of bombardment or illumination is 
removed, the conductivity dies away and the crystal will return to its nor- 
mal state. This can occur by the recombination of holes and electrons. 
Whenever an electron drops into a hole, both the hole and the electron dis- 
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appear and the bond structure becomes complete, the excess energy being 
given up to the atoms in the form of thermal vibrations.‘ 

If the temperature is sufficiently elevated, spontaneous breaking of some 
fraction of the covalent bonds by agitation will occur producing electrons 
and holes in equal numbers. In a diamond this effect would occur at such 
high temperatures that it would not be observed. However, it plays a major 
role in silicon and germanium at temperatures well within the range of in- 
vestigation in the laboratory. 

On the basis of quantum mechanical theory, it is found that a very high 
degree of symmetry exists between the behavior of electrons and the behavior 
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of holes. One may think of the hole as moving through the crystal as a posi- 
tively charged particle with much the same attributes as a free electron ex- 
cept for the sign of its charge. 


IMPURITY SEMICONDUCTORS: DONORS AND ACCEPTORS 


If the only cases of conductivity open to investigation were like those dis- 
cussed above, for which electrons and holes are present in equal numb rs, 
the problem of interpreting the data would be very difficult. Fortunately, 
in the semiconductors silicon and germanium, there are cases in which con- 
ductivity is due to excess electrons only or to holes only.® 

‘The process of recombination may actually be much more complicated and may 
involve intermediate stages in which the hole or the electron is trapped. 

5 The behavior of silicon with impurities of the sorts discussed here was investigated 
by Scaff, Theurer, and Schumacher. Their work was stimulated by the development of 
silicon detectors for microwave use by R. S. Ohl, also of Bell Telephone Laboratories, 
in the prewar years. 
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If the conductivity of the sample is due to excess electrons it is called 
n-lype, since the current carriers act like negative charges; if due to holes, 
it is called p-type, since the carriers act like positive charges. 

Either type of conduction can be produced at will by admixture of a suit- 
able “impurity,” a donor such as arsenic yielding an excess of free electrons, 
while an acceptor like boron causes an electron deficit or a surplus of positive 
holes. The reason why arsenic and boron serve in these opposite capacities 
comes readily to hand. 

The arsenic atom has five valence electrons surrounding a core having a 
net charge of +5 units and, when introduced (e.g. in silicon) as a low-fraction 
impurity, it is believed that each arsenic atom displaces one of the silicon 
atoms from its regular site and forms four covalent bonds with the nighbor- 
ing silicon atoms, thus using four of its five valence electrons (see Fig. 4). 
The extra electron cannot fit into these four bonds and is free to move about 
the crystal. This excess electron therefore constitutes a mobile localized 
negative charge. The arsenic atom, on the other hand, is an immobile local- 
ized positive charge, since its core, with a charge of +5 units, is not neutral- 
ized by its share (—4) of the charge in the valence bonds. Its net charge, 
therefore, just balances that of the excess electron it sets free in the crystal. 
Thus arsenic impurity atoms add excess electrons but do not disturb the 
over-all electrical neutrality of the crystal. The negative electrons, however, 
are somewhat attracted by the positive arsenic atoms and at low tempera- 
tures become weakly bound to them. At room temperature, thermal agita- 
tion shakes them off so that they become free. 

To produce a p-type semiconductor we choose an added impurity, such 
as boron, having three valence electrons and therefore not enough to com- 
plete the valence bond structure surrounding it. The hole in one of the bonds 
to the boron atom can be filled by an electron from an adjacent bond, and 
when this occurs the hole migrates away to the bond which just gave up one 
of its electrons. The boron atom thus becomes an immobile localized nega- 
tive charge. Because of the symmetry between the behavior of holes and 
electrons, we can describe the situation by saying that the negative boron 
atom attracts the positively charged hole but that thermal agitation shakes 
the latter off at room temperature so that it is free to wander about and con- 
tribute to the conductivity. 

Because of their valencies, phosphorous and antimony, as well as arsenic 
are in the donor class while aluminum, gallium and indium are additional 
examples of the acceptor class. 

It is beyond the scope of this prefatory note to describe how, by measure- 
ments of conductivity and the Hall effect as influenced by the amount of 
added donor or acceptor, it has been possible to determine the concentration 
of electrons and holes, as well as to fix the energies needed to remove an elec- 
tron from a donor, a hole from an acceptor, and to break a covalent bond 
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between lattice atoms. In samples of germanium of such purity that the 
amount of added donor or acceptor was too small to determine by conven- 
tional chemical methods, the conductivity was still controlled by the proc- 
esses outlined above. And it is interesting to note that a portion of this 
investigation was carried out with the aid of radioactive antimony alloyed 
with the germanium, the radioactive property making possible an accurate 
count of antimony atoms, though present only in extremely attenuated 
amounts. 

The semiconductor papers in this issue of the Journal will explain how 
these simple facts of electron exchange give rise to rectifying and amplify- 
ing properties. 


SEMICONDUCTOR RECTIFIERS AND AMPLIFIERS 


A contact between a metal and semiconductor may act as a rectifier, the 
contact resistance being high for one direction of current flow and low for 
the opposite. Rectification results from the presence in the semiconductor 
adjacent to the interface of a potential barrier or hill which the current 
carriers, electrons or holes, must surmount in order to flow across the junc- 
tion. The direction of easy tlow is that in which the carriers flow from the 
semiconductor to the metal. An applied voltage which produces a current 
flow in this direction reduces the height of the potential hill and allows the 
carriers to flow more easily to the metal. When the voltage is applied in the 
opposite direction the height of the barrier which the carriers must surmount 
in going from the metal into the semiconductor is unchanged, to a first ap- 
proximation, and the resistance of the contact remains high. A p-type semi- 
conductor is positive, an 7-type negative, relative to the metal, in the direc- 
tion of easy flow. 

Rectifying contacts can also be made between two semiconductors of op- 
posite conductivity types. The direction of easy tlow is again that for which 
the p-type is positive, the n-type negative. The rectifying boundary may 
separate two regions with different conductivity characteristics within the 
same crystal. 

In some contact rectifiers it is necessary to consider the tlow of both types 
of carriers, electrons and holes, even though one type is overwhelmingly in 
excess under equilibrium conditions. An example is the germanium point 
contact rectifier such as the 400 type varistor. The germanium used is n- 
type and the normal concentration of holes is small compared to the con- 
centration of conduction electrons. Nevertheless, a large part of the current 
in the forward direction consists of holes flowing away from the contact 
rather than electrons flowing in. The flow increases the concentration of 
holes in the vicinity of the contact and there is a corresponding increase in 
the concentration of electrons to compensate for the space charge of the 
holes, This increase in concentration of carriers increases the conductivity 
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of the germanium. The holes introduced in this way gradually combine with 
electrons and disappear so that at large distances the current consists largely 
of electrons. Similar effects occur at 2-p boundaries in germanium; the 
current in the forward direction consists in part of holes flowing from the 
p-type region into the n-type region and electrons flowing from the n-type 
region into the p-type region. 

The alteration of concentration of carriers and conductivity by current 
tlow may be used to produce amplification in a number of ways. In the 
type-A transistor two point contacts are placed in close proximity on the 
upper face of a small block of n-type germanium. A large area low resistance 
contact on the base is the third element of the triode. Each point, when con- 
nected separately with the base electrode, has characteristics similar to those 
of the rectifier. When operated as an amplifier, one point, called the emitter, 
is biased in the forward direction so that a large part of the current consists 
of holes flowing away from the contact. The second point, called the collector, 
is biased in the reverse direction. In the absence of the emitter, the current 
consists largely of electrons flowing from the collector point to the base 
electrode. When the two points are in close proximity there is a mutual in- 
fluence which makes amplification possible. The collector current produces 
a field which attracts the positively charged holes flowing from the emitter, 
so that a large part of the emitter current flows to the collector and into the 
collector circuit. 

It has been found that rectifying boundaries between n- and p-type 
germanium may be used both as emitters and collectors, so that it is possible 
to make transistors without point contacts. 

The following five papers are concerned with the behaviors of holes and 
electrons in semiconductors, with particular emphasis upon rectifying junc- 
tions and transistors. The first paper ‘Hole Injection in Germanium”’ de- 
scribes new experiments on the behavior of holes and shows how their 
numbers and velocities may be measured and how they may be used to 
modulate the conductivity in the “filamentary transistor.” The second paper 
“Some Circuit Aspects of the Transistor” describes the characteristics and 
equivalent circuits for the transistor. “Theory of Transient Phenomena in 
the Transport of Holes in an Excess Semiconductor” describes in mathe- 
matical terms a number of the processes encountered in the first paper and 
brings out interesting features of the nature of an advancing wave front of 
holes. “The Theory of Rectifier Impedances at High Frequencies” analyzes 
the behavior of metal-semiconductor rectifiers for high frequencies for the 
case in which the current is carried by one type of carrier only. As mentioned 
above, in rectifiers formed from p-2 junctions, currents of both holes and of 
electrons must be considered. Such rectifiers and related subjects are dealt 
with in “The Theory of p-n Junctions in Semiconductors and p-” Junction 
Transistors.” 








Hole Injection in Germanium—Quantitative Studies 


and Filamentary Transistors* 
By 
W. SHOCKLEY, G. L. PEARSON and J. R. HAYNES 
Holes injected by an emitter point into thin single-crystal filaments of german- 
ium can be detected by collector points. From studies of transient phenomena the 
drift velocity and lifetimes (as long as 140 microseconds) can be directly observed 
and the mobility measured. Hole concentrations and hole currents are measured 


in terms of the modulation of the conductivity produced by their presence. 
Filamentary transistors utilizing this modulation of conductivity are described. 


1. INTRODUCTION 


HE invention of the transistor by J. Bardeen and W. H. Brattain! * 

has given great stimulus to research on the interaction of holes and elec- 
trons in semiconductors. The techniques discussed in this paper for investi- 
gating the behavior of holes in n-type germanium were devised in part to aid 
in analyzing the emitter current in transistors. The early experiments sug- 
gested that the hole flow from the emitter to the collector took place in a 
surface layer.' * The possibility that transistors could also be produced by 
hole flow directly through n-type material was proposed in connection with 
the p-n-p transistor.* Quite independently, J. N. Shive® obtained evidence 
for hole flow through the body of n-type germanium by making a transistor 
with points on opposite sides of a thin germanium specimen. Such hole flow 
is also involved in the coaxial transistor of W. E. Kock and R. L. Wallace.® 
Further evidence for hole injection into the body of n-type germanium under 
conditions of high fields was obtained by E. J. Ryder.’ 

In keeping with these facts it is concluded’ that with two points close 
together on a plane surface, as in the type-A transistor’, holes may flow 
either in a surface layer or through the body of the germanium. For surface 
flow to be large, special surface treatments appear to be necessary; such 
treatments were not employed in the experiments described in this paper 
and the results are consistent with the interpretation that the hole current 
from the emitter point flows in the interior. 

The experiments described in this paper, in addition to any practical 
implications, serve to put the action of emitter points on a quantitative basis 
and to open up a new area of research on conduction processes in semicon- 

* It is planned to incorporate this material in a book entitled “Holes and Electrons, 
an Introduction to the Physics of Transistors” currently being written by W. Shockley. 


This book is to cover much of the material planned for the “(Quantum Physics of Solids”’ 
series which was discontinued because of the war. 
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ductors. It is worth while at the outset to contrast some of the new aspects 
of these experiments with the earlier experimental status of the bulk prop- 
erties of semiconductors. Prior to the invention of the transistor, inferences 
about the behaviors of holes and electrons were made from measurements 
of conductivity and Hall effect. For both of these effects, under essentially 
steady state conditions, measurements were made of such quantities as 
lengths, currents, voltages and magnetic fields. The measurement of time 
was not involved, except indirectly in the calibration of the instruments. 
Nevertheless, on the basis of these data, definite mental pictures were 
formed of the motions of holes and electrons describing in particular their 
drift velocity in electric fields and the transverse thrust exerted upon them 
by magnetic fields. The new experiments show that something actually does 
drift in the semiconductor with the predicted drift velocity and does behave 
as though it had a plus or minus charge, just as expected for holes and 
electrons. In addition, experiments described elsewhere’ show that the effect 
of sidewise thrust by a magnetic field actually is observed in terms of the 
concentration of holes and electrons near one side of a filament of germanium. 

We shall discuss here evidence that holes are actually introduced into 
n-type germanium by the forward current of an emitter point and show how 
the numbers and lifetimes of the holes can be inferred from the data. We 
shall refer to this important process as “hole injection.”’ Discussions of the 
reasons why an emitter should emit holes are given for point contacts by 
J. Bardeen and W. H. Brattain’'*' * and for p-n junctions elsewhere in this 
journal.’ There are other possible ways in which semiconductor amplifiers 
can be made without the use of hole injection into »-type material or electron 
injection into p-type material.* In this paper, however, our remarks will be 
restricted to semiconductors which have only one type of carrier present in 
appreciable proportions under conditions of thermal equilibrium; for such 
cases the theoretical considerations are simplified and are apparently in good 
agreement with the experiments. 


2. THe MEASUREMENT OF DENSITY AND CURRENT OF INJECTED HOLES 

The experiment in its semiquantitative form is relatively simple and is 
shown in Fig. 1.!° A rod of n-type germanium is subjected to a longitudinal 
electric field EF applied by a battery B,. Collector and emitter point contacts 
are made to the germanium with the aid of a micromanipulator. The col- 
lector point is biased like a collector in a type-A transistor by the battery 
Bb, and the signal obtained across the load resistor R is applied to the input 
of an oscilloscope. At time /; the switch in the emitter circuit is closed so 
that a forward current, produced by the battery B;, flows through the emitter 
point. At /; the switch is opened. The voltage wave at the collector, as 


* For example see references 1 and 11. 
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observed on the oscilloscope, has the wave form shown in part (b) of the 
figure. 

These data are interpreted as follows: When the emitter circuit is closed, 
the electrons in the emitter wire start to flow away from the germanium 
(i.e. positive current flows into the germanium). These electrons are furnished 
by an electron flow in the germanium towards the point of contact. The 
flow in the germanium may be either by the excess electron process or by 
the hole process. In Fig. 2 we illustrate these two possibilities. At first 
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Fig. 1—Experiment to investigate the behavior of holes injected into n-type germanium 
(a) Experimental arrangement. 
(b) Signal on oscilloscope showing delay in hole arrival at f in respect to closing S 
at f, and delay in hole departure at 4 in respect to opening S at f5 . 


glance it might appear that the difference between these two processes is 
unimportant since the net result in both cases is a transfer of electrons from 
the germanium to the emitter point. There is, however, an important differ- 
ence, one which makes several forms of transistor action possible. In the case 
of the hole process an electron is transferred from the valence band struc- 
ture to the metal. After this the hole moves deeper into the germanium. As 
a result the electronic structure of the germanium is modified in the neigh- 
borhood of the emitter point by the presence of the injected holes. 

Under the influence of the electric field E, the injected holes drift toward 
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the collector point with velocity 4,£, where y, is the mobility of a hole, and 
thus traverse the distance L to the collector point in a time L/yu,£. When 
they arrive at the collector point, they increase its reverse current and pro- 
duce the signal shown at f2 . 

There are two important differences between the signal produced at 4 
and that produced at f; . The signal at ¢ , which is in a sense a pickup signal, 
would be produced even if no hole injection occurred. We shall illustrate this 
by considering the case of a piece of ohmic material substituted for the 
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Fig. 2—Electron flow to the metal may be produced by an excess electron moving 
toward the metal or by bonding electrons jumping (dashed arrows) successively 
into a hole thus displacing the hole deeper into the semiconductor. 


germanium. Conventional circuit theory applies to such a case; however, in 
order to contrast this purely ohmic case with that of hole injection, we shall 
also give a description of the conventional theory of signal transmission in 
terms of the motion of the carriers. According to conventional circuit theory, 
the addition of the current 7, would simply produce an added 7R drop due 
to current flow in the segment of the specimen to the right of the collector. 
This voltage drop is denoted as /,R, in part (b), Ra representing the proper 
combination of resistances to take into account the way in which /, divides 
in the two branches. This signal will be transmitted from the emitter to the 
collector with practically the speed of light—the ordinary theory of signal 
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transmission along a conductor being applicable to it. This high speed of 
transmission does not, of course, imply a correspondingly high velocity of 
motion of the current carriers. In fact the rapidity of signal transmission 
has nothing to do with the speed of the carriers and comes about as follows: 
If the ohmic material is an electronic conductor, then the withdrawal of a 
few electrons by the emitter current produces a local positive charge. This 
positive charge produces an electric field which progresses with the speed 
of light and exerts a force on adjoining electrons so that they move in to 
neutralize the space charge. The net result is that electrons in all parts of 
the specimen start to drift practically instantaneously. They flow into the 
specimen from the end terminals to replace the electrons flowing out at the 
emitter point and no appreciable change in density of electrons occurs any- 
where within the specimen.* 

The distinction between the process just described and that occurring 
when holes are injected into germanium is of great importance in under- 
standing many effects connected with transistor action. One way of sum- 
marizing the situation is as follows: In a sample having carriers of one type 
only, electrons for example, it is impossible to alter the density of carriers 
by trying to inject or extract carriers of the same type. The reason is, as 
described above (or proved in the footnote), that such changes would be 
accompanied by an unbalanced space charge in the sample and such an 
unbalance is self-annihilating and does not occur. 

When holes are injected into n-type germanium, they also: tend to set 
up a space charge. Once more this space charge is quickly neutralized by an 
electron flow. In this case, however, the neutralized state is not the normal 
thermal equilibrium state. Instead the number of current carriers present has 
been increased by the injected holes and by an equal number of electrons 
drawn in to neutralize the holes. The total number of electrons in the speci- 
men will thus be increased, the extra electrons coming in from the metal 
terminals which complete the circuit with the emitter point. The presence 
of the holes and the neutralizing electrons near the emitter point modify the 
conductivity. As we shall show below, this modification of conductivity may 
be so great that it can be used to measure hole densities and also to give 
power gain in modified forms of the transistor. We shall summarize this 
situation as follows: Jn a semiconductor containing substantially only one type 
of current carrier, it is impossible to increase the total carrier concentration by 

* This is a description in words of the result ordinarily expressed in terms of the dielectric 
relaxation time obtained as follows: V-J = —p,J =cE = —ocVV, V?VW = —41p/k = 
p/o so that p = po exp [—(42a/x)t], where J = current density, p = charge density, = 
conductivity, E = electric field, ¥ = electrostatic potential, x = dielectric constant. 

+ In the case of modulation of conductivity by surface charges," a net charge is pro 


duced by the field from the condenser plate. The changed charge density extends slightly 
into the specimen but should not be confused with the true volume effect of hole injection. 


12 


Such space charge layers are discussed in other articles in this issue. ? 
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injecting carriers of the same lype; however, such increases can be produced by 
injecting the opposite type since the space charge of the latter can be neutralized 
by an increased concentration of the type normally present. 

Thus we conclude that fhe existence of two processes of electronic conduction 
in semiconductors, corresponding respectively to positive and negative mobile 
charges, is a major feature in several forms of transistor action. 

In terms of the description given above, the experiment of Figure 1 is 
readily interpreted. The instantaneous rise at /; is simply the ohmic contribu- 
tion due to the changing total currents in the right branch when the emitter 
current starts to flow. After this, there is a time lag until the holes injected 
into the germanium drift down the specimen and arrive at the collector. 
When the current is turned off at /; , a similar sequence of events occurs. 

The measured values of the time lag of 4, — & , the field & and the distance 
L can be used to determine the mobility of the holes. The fact that holes, 
rather than electrons, are involved is at once evident from the polarity of 
the effect; the disturbance produced by the emitter point flows in the di- 
rection of E, as if it were due to positive charges; if the electric field is re- 
versed, the signal produced at ¢ is entirely lacking. The values obtained by 
this means are found to be in good agreement with those predicted from the 
Hall effect and conductivity data. The Hall mobility values obtained on 
single crystal filaments of - and p-type germanium” are 


Kp = 1700 cm/sec per volt/cm 
Ln = 2600 cm/sec per volt/cm 


‘The agreement between Hall effect mobility and drift mobility, as was 
pointed out at the beginning of this section, is a very gratifying confirmation 
of the general theoretical picture of holes drifting in the direction of the 
electric field. 

We shall next consider a more quantitative embodiment of the experi- 
ment just considered. In Fig. 3, we show the experimental arrangement. 
In this case it is essential in order to obtain large effects that the cross-section 
of the germanium filament be small. A thin piece of germanium is cemented 
to a glass backing plate and is then ground to the desired thickness. After 
this the undesired portions are removed by sandblasting while the desired 
portions are protected by suitable jigs consisting of wires, scotch tape, metal 
plates, etc. After the sandblasting, the surface of the germanium is etched. 
In this way specimens smaller than 0.01 X 0.01 cm in cross-section have 
been produced. The ends of the filament are usually made very wide so as 
to simplify the problem of making contacts. 

Under experimental conditions, a battery like B,, of Figure 1 applies a 
“sweeping” field in the filament so that any holes injected by the emitter 
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current are swept along the filament from left to right. In the small filaments 
used for these experiments, the resulting concentration of holes is so high 
that large changes in conductivity are produced to the right of the emitter 
point and, as we shall describe below, these changes can be measured and 
the results used to determine the hole current at the emitter point. In order 
to treat this situation quantitatively, we introduce a quantity y defined as 
follows: 


y = the fraction of the emitter current carried by holes. 


Accordingly, a current y/, of holes flows to the right from € and produces a 
hole density, denoted by p, which is neutralized by an equal added electron 
density. A fraction (1 — y)/, of electrons flows to the left; these electrons 
do not, however, produce any increased electron density to the left of the 
emitter since they are of the sign normally present in the n-type material. 
The presence of the holes to the right in the filament increases the con- 
ductivity o (as shown in Fig. 3c) both because of their own presence and 
the presence of the added electrons drawn in to neutralize the space charge 
of the holes. The mobility of electrons is greater than the mobility of holes, 
the ratio being™ 


b = wn wp = 1.5 for germanium 


and the electrons are always more numerous than the holes* 
n = no + fp, (2.1) 


where i) is the concentration of electrons which would be present to neu- 
tralize the donors if p were equal to zero; consequently, the current carried 
by electrons is greater than the current carried by holes. The concentration 
of holes diminishes to the right due to the fact that holes may recombine 
with electrons as they flow along the filament. 

From this experiment the value of y and the lifetime of a hole in the 
filament can be determined. The measurements are made with the aid of 
the two probe points P; and P;. The conductance of the filament between 
these points is obtained by measuring the voltage difference AV and dividing 
it into the current /, + /,, no current being drawn by the probes them- 
selves. The necessary formulae for calculating hole density and hole current, 

* The notation used in the equations is as follows: n, p, mo = respectively density of 
electrons, of holes, of electrons when no holes are injected. Na and Nz are the densities of 
donors and acceptors, assumed ionized so that m9 = Na — Na. Ic, Ih, [¢ are as shown on 
Figs. 3 and 9. (/, used for the probe collector in Figures 1 and 8 does not enter the 


equations.) g = |q| is the charge on the electron, used to be consistent with Ref. 4, where 
e is used for 2.718 ---. 
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Fig. 3—Method of measuring hole densities and hole currents. 

(a) Distribution of holes, electrons and donors. Acceptors, which may be present, are 
omitted for simplicity, the excess of donor density Vg over acceptor density Va being m . 

(b) To the right of the emitter the added hole density p is compensated by an equa! 
increase in electron concentration. 

(c) The conductivity is the sum of hole and electron conductivities. 

(d) The total current /, + Je to the right of the emitter is carried by J, and J, in the 
ratio of the hole to the electron conductivity. 
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shown on the Figure, are derived as follows: 
Normal conductivity oo = gunmo, (2.2) 
conductivity with holes present ¢ = gunn + gupp 
= gun(no + p) + qupp = aoll + (1 + O-')(p/no)). (2.3) 
The conductance, 
G = (J, + 1>)/AV, 
between P, and P» is proportional to the local conductivity, and hence to 
1+ (1 + &-')(p/no), 


so that a measurement of the conductance gives a measurement of p/n . 
Letting G and Gp be the conductances between the points with and without 
hole injection, we have 


G 


Ge = = Lt (1+ F')(G/m0) (2.4) 
70 00 
or 

p c-/— (G/Go) —1 








— = — —_—_ = — ——, (2.5) 
No oo(1 -f b-) 1 be b= 

The ratio of hole current to electron current is gupp/qun»n and the fraction 
of the current carried by holes is thus 


I, We p 


I, t+], Gunn+ upp bn + (14+ b)p 


- p/No _ _1-G/G) 
bi. + (1 + 6") (p/m)| 1+ d 


Hence from the measured values of G, it is possible to obtain the fraction 
of the current carried by holes. Multiplying this fraction by 7, + J, then 
gives the actual hole current flowing past the probe points.* If there were 
no decay, the current past the probe points would be y/, and since J, is 





(2.6) 


known, y could be easily determined. Actually, however, there may be quite 
an appreciable decay. However, if the current /, is increased, the holes will 
be swept more rapidly from the emitter to the probes and less decay will 
result. Thus by increasing J; , the effect of recombination can be minimized 
and the value of hole current can be extrapolated to the value it would have 
in the absence of decay. This value is, of course, y/; . 

* In these calculations the formulae nm = p + mo, corresponding to completely ionized 


donors and acceptors, has been used. In germanium this is a good approximation. For 
silicon, however, modifications will be necessary. 
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In Fig. 4 we show some plots of this sort. The ordinate is /,/J. which 
should approach y as the value of J, becomes larger. The theory indicates 
that a logarithmic plot should be used and that the abscissa should be made 
proportional to transit time so that the case of no decay or zero transit time 
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Fig. 4-—Extrapolaticn of measured hole and electron currents to zero transit time in 
order to determine ¥ 


comes at the left edge.t The conclusion reached from this plot is that for the 
case of the n-type sample, the value of y is substantially unity,—all the 


+ If the lifetime of a hole is 7, then the hole current at the points is /, = yl, exp (—¢/r 
where ¢ is the transit time to a point midway between the points, say a distance L from 
the emitter. If the electric field is £ = AV/AL, then the transit time ¢ = LAL/y,AV 
Hence if In 7, as determined from the ratio of conductivities is plotted against ¢ = LAL 
upAV a straight line with intercept In y/, and slope —1/r should be obtained 
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emitter current is holes. For the opposite case in which electrons are injected 
into p-type material," the corresponding value of J,//, extrapolates to 0.6 
indicating that for this case 60% of the current is carried by electrons and 
40% by holes. For these particular specimens the lifetimes are found to be 
0.9 and 0.41 microseconds respectively. There is a body of evidence, some 
of which we discuss below, that holes combine with electrons chiefly on the 
surface of the filament. 


3. THE INFLUENCE OF HOLE DENSITY ON POINT CONTACTS 


The presence of holes near a collector point causes an increase in its 
reverse current; in fact the amplification in a type-A transistor is due to the 
modulation of the collector current by the holes in the emitter current. The 
influence of hole density upon collector current has been studied in con- 
nection with experiments similar to those of Fig. 3. After the hole current 
and the hole density are measured, a reverse bias of 20 to 40 volts is applied. 
The reverse current is found to be a linear function of the hole density. 
Figure 5 shows typical plots of such data. Different collector points, as 
shown, have quite different resistances. However, once data like that of 
Fig. 5 have been obtained for a given point, the currents can then be used as a 
measure of hole density. This experimental procedure for determining hole 
density is simpler than that involved in using the two points and much 
better adapted to studies of transient phenomena. It is necessary in em- 
ploying this technique to keep the current drawn by the collector point 
somewhat smaller than J, + J, ; otherwise the disturbance in the current 
flow due to the collector current is too great and the sample of the hole 
current is not representative. Experiments have shown, however, that this 
condition is readily achieved and that the collector current may be satis- 
factorily used as a measure of hole density. 

The hole density also affects the resistance of a point at low voltage. 
Studies of this effect have also been made in connection with the experi- 
ment of Fig. 3. After the hole density has been determined from measure- 
ments of AV and J, + /,, a small additional voltage (0.015 volts) was ap- 
plied between P?; and P2 and the current flowing externally between ?; and P2 
was measured. From these data a differential conductance, for small cur- 
rents, is obtained for the two points P; and P», in series. As is shown in 
Fig. 6, this conductance is seen to be a linear function of the hole concen- 
tration. The conductance of a point contact arises in part from electron flow 
and in part from hole flow. From experiments using magnetic fields’, it has 
been estimated that under equilibrium conditions the two contributions to 
the conductance may be comparable. In connection with Fig. 6 it should 
be noted that the hole concentration on the abscissa is the average hole 
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concentration throughout the entire cross section; the hole concentration 
may be much less near the surface due to recombination on the surface. 

Techniques of the sort described above can be used to measure the prop- 
erties of collector points. If a collector point is placed between the emitter 
and P; in Fig. 3, then the hole current extracted by the collector can be 
determined in terms of the hole current past ?; and P:. By these means an 
‘intrinsic a” for the collector point can be determined. The intrinsic @ is 
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defined as the ratio of change in collector current per unit change in hole 
current actually arriving at the collector. 


4. StupIES OF TRANSIENT PHENOMENA 


The technique of using a collector point to measure hole concentrations 
has been employed in a number of experiments similar to those described in 
connection with Fig. 1. These experiments give information concerning 
hole lifetimes, hole mobilities, diffusion and conductivity modulation. 

One of the methods employed to measure hole lifetime involves the meas- 
urement of the increase in collector current, produced by the arrival of the 
leading edge of the hole pulse, as a function of the transit time of the holes 
from emitter to collector. This time is varied by varying the distance be- 
tween the emitter and the collector points. 
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In Fig. 7 we show a plot, obtained in this way, from a sample of germa- 
nium having dimensions 1.0 X .05 X .08 cm. It is seen that the increase in 
collector current due to hole arrival decays exponentially with a time con- 
stant of 18 microseconds. This time constant increases as the dimensions 
of the germanium sample are increased so that a time constant of 140 micro- 
seconds was measured, using a sample having dimensions 2.5 X .35 X .30 
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Fig. 6—Conductance of P; and Py» of Fig. 3 in series as a function ef p/m , showing that 
conductance depends on hele concentration but not on currents in filament. For 
each value of /e the hole density was varied by varving /» + Je from .038 to 
(0.78 ma. 


em. Since the holes injected into the interior of this sample can diffuse to 
the surface and recombine in about 100 microseconds, the process may still 
be largely one of surface recombination. In any event, it may be concluded 
that the lifetime in the bulk material used must be at least 140 microseconds. 
Making use of the electron density determined from other measurements, 
we conclude that the recombination cross section must be less than 10’ 
cm*. This cross section, which is less than 1/400 the area of a germanium 























HOLE INJECTION IN GERMANIUM 357 


atom, may be so small because a hole-electron pair has dithiculty in satisfying 
in the crystal the conditions somewhat analogous to conservation of energy 
and momentum which hinder recombination of electrons and positive ions 
in a gas discharge. Thus it has been pointed out that a hole-electron pair will 
have a lowest energy state in which the two current carriers behave some- 
thing like the proton and electron of a hydrogen atom.” Such a bound pair 
are called an exciton and the energy given up by their recombination is the 
“exciton energy.” In order to recombine they must radiate this energy in 
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Fig. 7-—The decay of injected holes in a sample of n-type germanium 


the form of a light quanta (photon) or a quantum of thermal vibration of the 
crystal lattice (phonon). The recombination time for the photon recombina- 
tion process can be estimated from the optical constants for germanium 
and the theory of radiation density using the principle of detailed balancing, 
which states that under equilibrium conditions the production of hole 
electron pairs by photon absorption equals the rate of recombination with 
photon emission; the lifetime obtained in this way is about 1 second at room 
temperature indicating that the photon process is unimportant." As has 
been pointed out by A. W. Lawson,'® the highest energy phonon will have 
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insufficient energy to carry away the ‘exciton energy” of a hole-electron 
pair and, therefore, the release of energy will require the cooperation of 
several phonons with a correspondingly small transition probability. 

When a square pulse of holes is injected in an experiment like that of 
Fig. 1, the leading and trailing edges of the current at the collector point 
are deformed for several reasons. Due to the high local tields at the emitter 
point, some of the holes actually start their paths in the wrong direction — i.e. 
away from the collector; these lines of flow later bend forward so that those 
holes also pass by the collector pgint but with a longer transit time than 
holes which initially started towards the collector. A spread in transit times 
of this sort is probably largely responsible for the loss of gain at high fre- 
quencies in transistors. For the experiments described below, however, 
this effect is negligible compared to two others which we shall now describe. 

On top of the systematic drift of holes in the electric field, there is super- 
imposed a random spreading as a result of their thermal motion. This would 
cause a sharp pulse of holes to become spread so that after drifting for a 
time /, the hole concentration would extend over a distance proportional 
to 1/ Diz where D, the diffusion constant for holes, = kTu, g = 45 cm?*/sec. 
As a result of this effect, the leading and trailing edges of the square wave 
of emission current become spread out when they arrive at the collector. 
This is shown in Fig. 8, curve A for the leading edge and B for the trailing 
edge. The points are 10 microsecond marker intervals traced from an oscillo- 
scope, the time being measured from the instant at which the emitter 
current starts. For A and B the emitter current was so small compared to 
the current /, that the holes produced a negligible modulation of conductiv- 
ity and each hole moved in essentially the same electric field. It is to be 
observed that the wave shapes are nearly symmetrical in time about the 
half rise point and that the A and B waves are identical except for sign. 
This is just the result to be expected from diffusion. Furthermore, analysis 
shows that the spread in arrival time is in good quantitative agreement with 
the theoretical wave shape using the diffusion constant appropriate for holes. 
For this case the mid-point of the rise, corresponding to the crossing point 
of the curves, gives the average arrival time and has been used to obtain an 
accurate measure of the mobility. 

Curves C and D correspond to conditions in which the emitter current 
was relatively large—two thirds of the base current. High impedance sources 
are used so that J, is constant and /, is a good flat topped wave. For the 
currents used in this experiment, the conductivity is appreciably modulated 
by the presence of holes. This accounts for the shape of curve C, correspond- 
ing to the arrival of holes at the collector. It is seen that this curve is not 
symmetrical but is much more gradual towards later times. The reason for 
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this is that the first holes to arrive are those which have diffused somewhat 
ahead of the rest and move in material of low conductivity. The later holes 
travel in an environment of relatively high conductivity and, consequently, 
in a lower electric field. (Since the current is the same at all points between 
emitter and collector, the field is inversely proportional to the conductivity.) 
The transit time for the later holes is, therefore, longer and the hole density 
builds up more slowly for the latter part of the incoming pulse of holes. 
The wave form obtained from the trailing edge of the emitter pulse, curve D, 
is in striking contrast with the leading edge. The first gradual decay, up to 
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Fig. 8 Collector current characteristics for the circuit shown in Fig. 1. 


point Y, is due to recombination of holes and electrons; at fs the emitter 
current becomes zero; consequently, the electric field is reduced and the 
holes arriving at Y have taken a longer transit time than the holes arriving 
at ¢; and a larger fraction of them have recombined with electrons. The 
true trailing edge, running from X to Y, is appreciably sharper than the 
leading edge. The reason for this is that holes lagging behind the main body 
of holes are in a region of relatively low conductivity and high electric field 
and tend to catch up with the main body. Thus the same effect which 
lengthens wave C acts to shorten wave D. 


C. Herring has been able to obtain mathematical solutions for the appro- 
priate equations bearing on the matters just discussed. His theory is pre- 
sented elsewhere in this issue.” 
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The delay feature discussed in connection with Figs. 1 and & indicates 
interesting possibilities of using germanium filaments as delay or storage 
clements. 


5. Thre THEORY OF THE FILAMENTARY TRANSISTOR 


In Fig. 9 we show a transistor with a filamentary structure.'’ Modula- 
tion is achieved in this case by injecting holes at the emitter point which 
flow to the right and modulate the resistance in the output branch between 
emitter and collector. Structures of this sort can be produced by the sand- 
blasting technique discussed in Section 2. The enlarged ends, which give the 
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(a) FILAMENTARY TRANSISTOR 














vete —> 
EMITTER, € —> VOLTAGE 
. \GENERATOR 
Hele 
Re 
Rt ly h COLLECTOR,C 
4 ne a NI 4 N\ \ 
vps bay R¢ ice VV 
bob c KC 9 VC 


(b) EQUIVALENT CIRCUIT 


‘ig. 9—Filamentary transistor and equivalent circuit. 


unit a dumbbell appearance, decrease the problem of making contact to the 
unit. The large area at the left side serves the additional purpose of reducing 
unwanted hole emission from the metal electrode and affords an opportunity 
for any emitted holes to recombine before they enter the narrow part of 
the unit. 

The theory of this transistor is relatively simple and most of the features 
we shall discuss in connection with it have counterparts in the theory of the 
type-A transistor. We shall discuss the case for which the injected current 
is a small fraction of the total current in the filament. Under these conditions 
we can use a simple linear theory. We shall show that the behavior of the 
transistor can be given for small a-c signals by the equivalent circuit in 
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Figure 9(b), which shows the current and voltage relationships in a form 
equivalent to those used in connection with the type-A transistor. 

The point J in Fig. 9 represents a point in the filament near the emitter 
point. The current from the emitter point will be determined by the differ- 
ence between its voltage V. and that of the surrounding semiconductor, 
namely the voltage at /. Thus we can write 


I, = fF, — Fp. (5.1) 


For small a-c variations, 7, v% and v,, this equation leads to the rela- 
tionship 


° af 
le = (% — Dys)fe, (>. 


wn 
bho 


ef . ° ° ope ° ° ./ 
where f, is the derivative of /, in respect to its argument. Letting /, = 1/R 
this equation becomes 


% — vy = Ra. (5.3) 


This relationship is correctly represented by the R, branch of the equivalent 
circuit. The voltage at J, under the assumed operating conditions with /, 
positive and much less that /, , will be —/,R, where Ry, is the resistance 
from the base to an imaginary equipotential surface passing through / 
and 7% = 0, corresponding to grounded base operation. This leads to 


VY, = Rip = + R4I, > i Ryi- : (5.4) 


since i, + i + i. = 0. This relationship is obviously satisfied by the R, 
branch of the equivalent circuit. 

We now come to the collector branch which we have represented as a 
resistance R, and a parallel current generator* a,7, . (This circuit is equivalent 
to another in which the parallel current generator is replaced by a series 
voltage generator a,R.i, .) We must show that this part of the equivalent 
circuit represents correctly the effect of injecting holes into the right arm 
of the filament. We shall suppose that there is negligible recombination so 
that the hole current injected at the emitter point flows through the entire 
filament. (We consider recombination in the next section.) The current J, in 
the collector branch thus contains a component —y/, = J, of hole current 
(minus because of the algebraic convention that positive /.(= —J, — /,) 
flows to the left). The added hole and electron concentrations lower the 
resistance and R. changes to R, + 6R., where 6R, is negative. The current 
voltage relationship for this branch of the filament then becomes 


V-.— V, = (R. + 6R.)I.. (5,3) 


“ 


* ~, in the equivalent circuit differs froma = —(d/,/d1,)v. by the relationship a, = a 4 
(a — 1)(Rs/R.), equivalent to equation (6.8). 
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Our problem is to reexpress this relationship in terms of the small a-c com- 
ponents and show that it reduces to the relationship 


Ve — ty = Relic + act.) (5.6) 


corresponding to the equivalent circuit. For small emitter current the 
analysis is carried out conveniently as follows: The ratio of hole current to 
the total current is —y/,//.. The ratio (R. + 6R,.),R. corresponds to 
(7o/G discussed in connection with Fig. 3. The ratio of hole current to total 
current is given in (2.6) in terms of Go G and may be rewritten as 


yl. 1 — (Go/G) —6dR, - 
— = = . (5.6) 
if 1+ bd (1 + b)R, 
giving 
6R, = R(1 + 6)y7 I./1-. (5.7) 


(Since /, is negative and /, is positive this equation shows that 6R, is nega- 
tive, i.e., the conductivity has been increased by the hole current.) Putting 


this value of R. + 6R, into the equation for V. — Vy gives 
Ve aie Vy - CK. T OR), 
= R{J,+ (14+ b)y/,). (5.8) 


If we consider small a-c variations in the currents and voltages, this reduces 
to the equation given by the equivalent circuit with 
ae = (1 + D)y. (5.9) 

The data of Section 2 indicate that for holes injected into n-type germanium 
y = 1, and since 6 = 1.5 we obtain a = 2.5. 

The quantity v, can be eliminated by using v7, = R,(i, + i-) in equation 
(5.3) for 7 and the small signal form of (5.8) for 2 leading to the pair of 
equations 


II 


Ve (Re + Rodie + Roie 5.10) 
ve = (Ry + a@ReJie + (Re + Radic. (5.11) 


These equations are formally identical with those for the equivalent circuits 
of the type-A transistor. 

It should be emphasized that although hole injection into n-type germa- 
nium plays a role in both the type-A and the particular form of filamentary 
transistor shown in Fig. 9, there are differences in the principles of operation. 
One important feature of the type-A is the high impedance of the rectifying 
collector contact which, however, does not impede hole flow and another 
important feature is the current amplification occurring at the collector 
contact. Neither of these features is present in the filamentary type shown. 
Instead, the high impedance at the collector terminal arises from the small 
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cross-section of the filament. The modulation of the output current takes 
place through the change in body conductivity due to the presence of the 
added holes, a change which appears to be unimportant in the type-A 
transistor. In the filamentary type, current amplification is produced by 
the extra electrons whose presence is required to neutralize the space charge 
of the holes. Current amplification in the type-A transistor is, probably, also 
produced by the space charge of the holes* but the details of the mechanism 
are not as easily understood. 
6. Errects ASSOCIATED WITH TRANSIT TIME 

Two important effects arise from the fact that a finite transit time is 
required for holes to traverse the R, side of the filament: during this time 
the holes recombine with electrons and the modulation effect is attenuated 
for this reason; also the modulation of the conductivity of the filament at 
any instant is the result of the emitter current over a previous interval and 
for this reason there will be a loss of modulation when the period of the a-c 
signal is comparable with the transit time or less. 

lor the small signal theory, the effect of transit time is readily worked out 
in analytic terms. We shall give a derivation based on the assumption that 
the lifetime of a hole before it combines with an electron is 7, . According 
to this assumption, the fraction of the holes injected at instant 4 which are 
still uncombined at time f is exp[— (f — h) tp]. This means that the effect 
in the filament at any instant /& is the average, weighted by this factor, of 
all the contributions prior to f back to time 4, — 7; where 7; is the transit 
time; holes injected prior to 4, — 7; have passed out of the filament by 
time f . If the emitter current is represented by i.e“, the effective average 
emitter current is 


to ; 
‘ . iw t1—( to— 8) / ; 
1, ett (to) = te [ e ek hla dl; /t¢ - (6.1) 
“tory 
The term df,/7; is chosen so that a true average is obtained since the sum 
of all the dé, intervals add up to 7. The integral is readily evaluated and 
gives 


‘ oe(to) as eivte 1- exp [— lwr = (rr: T»)| 
eeff\'2/ — 0 . 


: (6.2) 
lwr, + (% Tp) 


The result so far as the equivalent circuit is concerned is that obtained by 
taking a, as* 
ae = y(1 + 5)B,, (6.3) 


* The derivation of equations (5.10) and (5.11), describing the equivalent circuit, shows 
that hole injection enters only through the term 5R-,/, in (5.8). This term leads only to 
aeR-ig = (1 + 6)yR.i, in (5.11) and should be replaced by (1 + b)yRet, ort = (1 + b)yBR.2, 
leading to (6.3). 
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where 


1 — exp |—twr, — (72/Tp) 
§ = : | ——— yl (6.4) 
wr, + (7:/Tp) 
3 represents the effect of recombination and transit angle, wr; , in reducing 
the gain. 
We shall consider two limiting cases of this expression. First if w7, is very 


small, the new factor becomes 


8 = (tp/TeH)(1 — € ey, (6.5) 


If 7, is much larger than 7, , so that the holes recombine before traversing 
the filament, then the exponential is negligible and 8 becomes simply t)/7¢ . 
This means that the effectiveness of the holes is reduced by the ratio of their 
effective distance of travel to the entire length of the filament, i.e., t)/7¢ is 
the ratio of distance travelled in one lifetime to the entire length of the fila- 
ment. Essentially the holes modulate only the fraction of the filament which 
they penetrate. The transit time depends on the field in the filament which 
is V.— V,.\/L,, the absolute value being used since V. is negative. The 
transit time is thus 


tr = L./[pp|Ve— Va|/Ld = Li/up|Ve — Val. (6.6) 
For very small emitter currents V. — Vy = R.V. (R. + R,) so that 
6 ion LER, + R») u,R, lV, (6.7) 


and 7; is inversely proportional to V.. For large values of V. , 7, approaches 
zero and 8 approaches unity. The dependence of 8 upon V,, has been investi- 
gated by measuring a and plotting it as a function of |1/V,| as shown in 
Fig. 10. The value of 


a = —(d0/,/dl)y. (0.8) 
is readily found from the equivalent circuit, using equation (5.11), to be 


Ry ae R, 


B+ * Bk — 


a 


lor the particular structure investigated, the values of R, and R, , obtained 
at /, = 0, were in the ratio 1:4. The value of @ obtained by extrapolating 
the data to Vv. = * is 2.2; the value given by the formula for this case 
with 8 = 1, is 


a = 0.2+ 0.8 X 2.5 X 7, (6.10) 


from which we tind y = 1.0, in agreement with the result of Fig. 4 that 
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substantially all of the emitter current is carried by holes. The theoretical 
curve shown on the Figure is 


v 


a = 0.2+ 0.8 X 2.5 & |V./10)1 — @'""). (6.11) 
This corresponds to 


re _ 10 _ Le(Re + Ro) 


: wh Bs (6.12) 
Tp | c T plpR.| V ¢ 


from which it was concluded that for the particular bridge studied +, was 
0.2 microseconds. 
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Fig. 10-——e@ versus 1/ V. showing agreement with the theory for the value of §. 


If 7, is much shorter than 7, , then the holes penetrate the whole filament 
and 8 becomes 


1 — exp(—iwr,) e 7"? sin (wr,/2) 
8 = ‘= , . ‘ (6.13) 
1wT, (wr,/2) 


For small values of wz; , 6 approaches unity since (sin «),.x approaches unity 
as x approaches zero. For w7;/2 = a, the response is zero. This is the condi- 
tion that 7, = 27/w = 1/f. For this case the filament is just so long that 
the modulation is averaged over the time of one cycle of the input signal 
and since this average includes all phases, the modulation vanishes. 
Preliminary experiments with filamentary transistors, made in accord- 
ance with the principles discussed above, appear to confirm the general] 
aspects of the theory. Power gains of 15 db have been obtained and fre- 
quency responses showing a drop of 3 db in @ at 10° cycles sec. have been 
observed. Noise measurements indicate an improvement of 10 to 15 db over 
the average type-A transistor for comparable conditions of preparation. 
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Some Circuit Aspects of the Transistor 
By R. M. RYDER and R. J. KIRCHER 


INTRODUCTION 


HE purpose of this note is to discuss in a general way some circuit 

- aspects of the transistor. It is rather interesting that in order to discuss 
its circuit aspects, little direct reference to the transistor is necessary. One 
needs only certain properties of the transistor which are empirically ob- 
tainable by measurement; these properties then determine behavior in the 
manner prescribed by the methods of general network theory. In principle, 
one needs no knowledge of the physics of the transistor in order to treat it 
circuitwise; any “black box” with the same electrical behavior at its term- 
inals would act the same way. 

It is rather fortunate for our purposes that the problem does separate 
nicely in this way. The operation of the transistor is reasonably well under- 
stood; but, for calculations of performance from physical properties, the 
numerical parameters needed are somewhat inaccessible, numerous and com- 
plicated. The paper by Shockley! gives some calculations of this kind which 
are illuminating for theoretical understanding. However, just as with elec- 
tron tubes, practical engineering calculations often do not need to go back 
to the ultimate physics. Starting from the electrical properties of the transis- 
tor as empirically determined by measurements on its terminals, we need 
go only to the literature of electrical engineering to find much practically 
useful information on properties of circuits which could be built around the 
unit. 

This method of characterizing the electrical performance of a device more 
or less independently of its physical construction has come into wide use 
in recent years. A considerable amount of work has been done with applica- 
tions to both electron tubes and transistors at the Bell Telephone Labora- 
tories by L. C. Peterson. The purpose of the present note, however, is not 
to go deeply into the subject but rather to review it in a general way, in- 
dicating applications to some of the simpler transistor circuits and com- 
parisons with electron tubes. For more profound analyses one may refer to 
Peterson’s work. 

1“The Theory of p-n Junctions in Semiconductors and p-n Junction Transistors,” 
W. Schockley, this issue of The Bell System Technical Journal. 


**Equivalent Circuits of Linear Active Four-Terminal Networks,” L. C. Peterson, 
Beli System Technical Journal, Oct. 1948, pp. 593-622. 
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The method used for circuit analysis may be grouped under the following 

headings: 

1. Linear problems, like low-level amplifiers or the question of onset of 
oscillations. Such problems visualize the transistor as making only 
small excursions from an assumed operating point and are best treated 
by the method of small-signal analysis. The unit is assigned an equiv- 
alent circuit or, in mathematical terms, is dealt with by means of linear 
equations. 

2. Slightly non-linear problems, like Class A power amplifiers. Here the 
excursions about the operating point are large enough to bring in 
higher-order effects like harmonic generation or intermodulation, but 
still small enough so that these effects can be treated by adding to 
the equivalent circuit certain distortion generators. Mathematically, 
some terms need to be added to the linear equations but these terms are 
of the nature of corrections, not big changes. 

3. Highly non-linear problems, such as Class B or C amplitiers, oscillators, 
switches, harmonic generators. Here the excursions about the charac- 
teristic are so large as to reduce the linear approximation to the status 
of a qualitative guide or perhaps to invalidate it entirely; mathema- 
tically, the small signal series either require many terms for accuracy or 
else do not converge at all. These large-signal problems usually have to be 
treated by methods special for each problem. Frequently one uses graph- 
ical constructions from the static characteristics, or analytical methods 
starting from reasonable approximations to the static characteristics. 

4. Finally, in certain highly non-linear problems the non-linear features 
are in a sense subsidiary; one is really interested in the behavior of a 
superposed small signal subject to a linear analysis. The non-linear 
part of the problem may appear in the form of circuit parameters or 
frequency shifts which may be left for empirical determination. Such 
problems are exemplified by mixers, modulators, or switches. 

The subsequent discussion will emphasize mainly the linear problems 

where the methods of circuit analysis are most effective, but will touch on 

some of the other fields occasionally. 


THE Type A TRANSISTOR 


Perhaps at this point is the place to pay our respects to the physics of 
the transistor. A view of the Type A transistor*®, currently being made in 
small quantities, is shown in Fig. 1. It is about 3 inch long and ,°g inch 
in diameter. Two small phosphor bronze *‘cat-whiskers”’ make point contacts 
close together to a block of germanium. A large area ohmic contact to the 


“Type A Transistor,” R. M. Ryder, Bell Laboratories Record, March 1949, pp. 89-93. 











germanium constitutes the third electrode, called the base. How it works is 


shown in a purely descriptive way in Fig. 2 







EMITTER 














IIT LCA dh ad dh hdtdaed 





COLLECTOR 





SOME CIRCUIT ASPECTS OF THE TRANSISTOR 


. One point, called the collector, 
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Fig. 1—Cutaway view of transistor. 
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Fig. 2—Transistor mechanism. 


is a rectifier biased strongly in the low-conducting direction. It therefore has 
a rectifying barrier in the germanium near it, which causes the collector 
impedance to be high. However, the collector can be influenced by the 
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emitter if the latter is arranged to emit anomalous charge carriers, that 
is, carriers of the sign not normally present in the interior of the material. 


EQUIVALENT CIRCUITS 
As has been explained by Bardeen, Brattain, and Shockley, many features 


of the transistor are nicely explained by this picture of its action; but, for 
present purposes of circuit analysis, we shall now take the purely empirical 
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Fig. 3—Synopsis of general four-pole—impedance analysis 


view and regard the transistor as a black box whose performance is to be 
determined by electrical measurements on its terminals. 

A picture of a black box is shown in Fig. 3 along with the equations de- 
scribing it. The performance is completely characterized if one knows the 
voltage and current at each of the two pairs of terminals. Now, of these 
four variables, only two are independent since, if any two are fixed, the other 
two are determined. One can therefore describe the network in terms of 
any two variables and, since there are six possible ways to choose a pair of 
variables from a set of four, there are six ways of describing the network. 
To recall what is done for electron tubes is helpful. In the case of a triode 
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the voltages on grid and plate are usually taken as independent variables; 
the grid and plate currents are taken as functions of the voltages. It be- 
comes natural, then, to measure tubes with regulated power supplies having 
low impedances to keep the voltages constant, and one is then naturally led 
to describe tubes in terms of admittances. Now the trouble with this scheme 
for transistors is that many of them oscillate when connected to low im- 
pedances, that is, many transistors are short-circuit unstable. To avoid this 
difficulty it is convenient to measure with high impedances in the leads; 
the analytical counterpart is to regard the currents as independent variables, 
leading naturally to a description of the transistor in terms of impedances, 
as shown in the figure. 

This description by open-circuit impedances happens to be a good one 
for many purposes, but there is nothing final or unique about it. In fact at 
high frequencies one of the other descriptions becomes more convenient. 

By interpreting the 4 equations as circuit equations, one is led directly 
to the first equivalent circuit of Fig. 4. A little consideration shows why the 
$’s are called open-circuit impedances. For example, if the second mesh is 
open-circuited, then the equation say that Hu is the ratio of input voltage 
to input current, that is, the input open-circuit impedance; while 4a is the 
ratio of output voltage to input current, that is, the open-circuit forward 
transimpedance. Similarly $12 is the open-circuit feedback transimpedance 
and $e is the open-circuit output impedance. Most of the subsequent dis- 
cussion is concerned with low frequencies, where the impedances reduce to 
resistances. 

This equivalent circuit for small signals is only one of many possibilities. 
Another, which is in fact more frequently used, is shown on Fig. 4. It con- 
sists of a T of resistors, each of which is associated with one of the transistor 
leads, and a voltage generator in series with the collector lead whose ratio 
to the emitter current is also of the dimensions of a resistance. The elements 
of this equivalent circuit are related to the former one by a simple sub- 
traction. The other equivalent circuit on Fig. + is obtained by converting 
the series voltage generator to the equivalent shunt current generator, 
whose ratio to the emitter current is now a dimensionless constant which 
we shall call a. 

These circuits, as well as all the other numerous possibilities, are equiva- 
lent in the sense that they all give exactly the same performance for any 
external connection of the unit. These three, however, are particularly well- 
behaved in that usually none of the circuit elements is negative; they are 
readily accessible to measurement; the association of the various circuit 
elements with corresponding regions within the transistor appears to have 
some physical significance; and, finally, the parameters are not too dread- 
fully dependent on the exact operating point used. 
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In the choice among various equivalent circuits, it appears that the op- 
timum of convenience is also the one which most closely approaches the 
underlying physical situation. In agreeing to use the black box approach we 
have resolutely ignored the physical details, but here they are presenting 
themselves in a new way, having sneaked in the back door after we barred 
the front. Now, however, having chosen an equivalent circuit, we shall 
continue pursuing the circ a analysis in resolute ignorance of the physics. 
In what follows various equivalent circuits may be used, depending on the 


convenience of the moment. 
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Figs. 4—Some equivalent circuits. 
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Fig. 5 ae of measurement method. 


The principle of a method used for rapid measurement of the transistor 
impedances is shown in Fig. 5, illustrating the measurement of forward 
transimpedance. A pair of terminals of the transistor is driven by a small 
alternating current of a few thousand cycles from a high impedance gen- 
erator; the voltage developed is read by a high-impedance voltmeter. By 
calibrating the meter directly in ohms, one can read off the open circuit 
resistances of the unit as rapidly as one can switch and read meters. 

Average values found by this method for the Type A transistor are shown 
on Fig. 6, together with data on the direct-current operating point. Since 
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development is still at an early stage, there are considerable variations 
between units. 


SINGLE STAGE AMPLIFIERS. STABILITY, 
ELECTRON TUBE ANALOGY 


An amplifier can be built in a straightforward manner by using the emitter 
as input electrode and collector as output electrode, the base being common 
to the two circuits. This ampliier is therefore called the grounded base 
amplifier. Figure 7 shows a schematic circuit using the average parameters 
just mentioned, working between 500 ohms and 20,000 ohms. The ampli- 
fier has an operating power gain of 17 db, power output Class A 10 milli- 
watts, noise figure at 1000 cycles 60 db with a variation inversely with fre- 
quency, and frequency response down 3 db at 5 megacycles. 


Type A Transistor 


D.C. Operating Point: 7, = 0.6 ma V, = O7V 
e = —2ma Ve. = —40V 
Circuit Parameters: r, = 240 ohms r, = 290 ohms 
r- = 19000 ohms tm = 34000 ohms 
3, = 530 ohms 3» = 290 ohms 
9» = 34000 ohms F.0 = 19000 ohms 


Fig. 6—Equivalent circuit parameter values. 


Some comments are in order on how this amplifier compares with an 
electron tube amplitier. First of all, the amplifying function and the manner 
of analyzing it from the circuit point of view are very similar, even though 
the internal mechanisms are markedly different. Secondly, there are quali- 
tative differences in circuit behavior, which are set forth on Fig. 8. The 
base resistance nm, acts as a positive feedback element which, under adverse 
conditions, can cause the circuit to oscillate. A necessary condition for 
stability is that the circuit determinant shall be positive, and this can be 
written as follows: 

Tin Ris 


R 
< 1 as =_—_ + ms bE 
R, Rz Rc 


(1) 


Here the quantity r, is the net mutual resistance of the transistor, and 
the capital R’s are the total resistances in the corresponding leads, internal 
and external. One can see several features, as follows: 

1. If Ry = 0, the circuit can be stable. 

2. If Rp > O, as usual, the circuit can be stable if the emitter and collector 
lead resistances are large enough or if r., is not too large. In other 
words, resistance in the base lead tends toward instability if ry is 
large; resistance in emitter or collector leads tends toward stability. 
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In the grounded base circuit the property of low base resistance is im- 
portant, since the backward transmission depends directly on this property. 
In circuit terms, the base impedance is the feedback impedance in 
the grounded base circuit, and its value helps to set a limit on the stable 
gain which can be realized. 
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Fig. 7—Synopsis of grounded base amplitier. 


The grounded base circuit has properties which are strongly reminiscent 
of the grounded grid electron triode amplifier in that both have low input 
impedance, high output impedance, and no change of signal polarity in 
transmission. The analogy was pointed out by Shockley. That this similarity 
is no coincidence can be seen by comparing the third equivalent circuit 
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above with the triode equivalent circuit of F. B. Llewellyn and L. C. Peter- 
son‘ in Fig. 9. Both circuits have the same topological form, and have 
similar impedance levels if the triode is considered to be operating in the 
frequency range of some tens of megacycles. The most important difference 
concerns the quantity a, a current amplification factor which, for the tran- 
sistor, may be considerably greater than unity; while the analogous quantity 
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Fig. 8—Stability 
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Fig. 9—Transistor-electron tube analogy. 


for the triode is close to unity for usual conditions. Another difference, of 
less importance, is the fact that the tube quantities analogous to r, and n, 
are capacitative reactances; their ratio, however, is like the ratio of r, to n, 
in magnitude. 

One of the first consequences of this transistor-tube analogy is the sugges- 
tion that different transistor connections analogous to the different electron 
triode connections may be interesting.* The analogy makes emitter analogous 


4“Vacuum Tube Networks,” F. B. Llewellyn and L. C. Peterson, Proc. 1.R.E., March 
1944, page 159, Fig. 13. 


3 Loc. cit. 
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to cathode, base to grid, and collector to plate; the conventional or grounded 


cathode tube connection is therefore analogous to the grounded emitter 


connection of a transistor, shown on Fig. 10. It is found that when @ = 1 


the analogy is fairly close, in that the transistor has comparatively high- 
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Fig. 10—Synopsis of grounded emitter amplifier. 


input impedance, high-output impedance, and changes signal polarity in 
transmission. When a > 1, as is usual, the analogy becomes less close, and 


feedback effects tend to become large and obnoxious; the open-circuit 


output impedance is usually negative. This behavior is readily under- 
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standable from stability considerations, since the base lead is now one of 
the signal terminals and, as before mentioned, putting resistance in the 
base lead tends toward instability if a is enough greater than unity. The 
effect is so severe that often it is worth while to add resistance in the collector 
lead, thereby reducing a to the neighborhood of unity, and simultaneously 
reducing the amplifier to a state of greater tractability. 

Another feature of the grounded emitter amplifier is that the base re- 
sistance n, is usually negligible, in contrast to its pronounced effect on the 
reverse transmission of the grounded base amplifier. The role of feedback 
element is taken over here by the emitter resistance r,. These considerations 
have important effects on the properties of cascaded amplifiers and will be 
reverted to later. 

For numerical comparison we might work the grounded emitter amplifier 
between the same two terminations as the grounded base amplifier above, 
namely from 500 into 20,000 ohms. It would then have a gain of about 
24 db, an improvement of 7 db over the grounded base, with about the 
same power output and noise figure. This improvement is obtained at 
greater risk of oscillation; in fact the output impedance of this amplifier 
is negative. 

The remaining tube connection — the cathode follower or grounded plate 
— is analogous to the grounded collector connection (Fig. 11); again, when 
a = 1 the analogy is fairly close, in that the transistor has high-input im- 
pedance, low-output impedance, and no change of polarity in transmission. 
In fact when a = 1 the device is usable in very much the same manner as 
the cathode follower. The power output is lower than the other connections 
because the output electrode (the emitter) does not carry much direct 
current. 

However, when we make a greater than 1 the effect is even more pro- 
nounced than it was in the grounded emitter case. As a increases from 1, 
the grounded collector amplifier rapidly loses its resemblance to the cathode 
follower and begins to transmit in both directions as a bilateral element. 
When a = 2, the operating gains in the two directions are the same; and 
for a > 2 the transmission is actually greater in the “backward” direction. 
Another curious feature is that, while the “forward” transmission is still 
without change in signal polarity, the “reverse” transmission inverts the 
signal polarity. 

In any device which is supposed to give gain in both directions, naturally 
stability must be a controlling consideration. This amplifier is of course 
still subject to the aforementioned stability condition (1) and it is found 
that with care one can actually get power gains in both directions of trans- 
mission without instability, i.e. a simple bilateral amplifier is present. One 
numerical example may suffice. Assume a transistor having the properties 
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r. = 250 ohms, mn, = 250 ohms, r, = 20,000 ohms, rm, = 40,000 ohms, so 
that a = 2 and both base and emitter resistances r. and n, are negligible, 
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Fig. 11—Synopsis of grounded collector amplifier 


Working between 20,000-ohm terminations, such an amplifier should have 
6 db power gain in both directions and should still be stable even if one of 
its terminations changes 50° in the unfavorable direction. 
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The grounded emitter connection can also exhibit bilateral properties. 

Recapitulating these three single-stage amplifiers, we see that whena = 1 
their properties are close enough to the analogous electron tube arrange- 
ments to be easily remembered; but that, when a is different from 1, their 
properties begin to diverge from their tube counterparts. Some of these 
circuits will perform in a simple manner functions which are impossible to 
the analogous tube connections, although of course the functions could be 
accomplished by using more tubes or more complicated circuits. 

FREQUENCY RESPONSE 

So far the analysis of transistors has been given only for the resistive 
case, appropriate at low frequencies. When the frequency is raised, reactive 
components appear and the situation becomes more complicated, although 
of course still subject to the same general methods of analysis. 

One might expect that since semiconducting diodes work at microwave 
frequencies, so also would semiconducting triodes. For the Type A transistor, 
this hope is blasted because of the essentially different nature of the mecha- 
nism, involving as it does the physical transport of charge carriers over ap- 
preciable distances. For certain features of the transistor, however, the 
analogy does hold. For example, the emitter by itself is a diode; and, in 
keeping with this fact, its open-circuit impedance does not change much 
with frequency in the range in which we shall be interested. For most en- 
gineering purposes the open-circuit input impedance of a Type A transistor 
may be regarded as a resistance independent of frequency. Such deviations 
as occur are small and entirely similar to what take place in an analogous 
diode. 

The same situation holds with respect to the base resistance rm and the 
collector resistance r., that is, they act as one might expect of a diode. The 
base resistance is substantially constant with frequency; the collector re- 
sistance has associated with it a slight amount of capacitance, mostly due 
to the case, leads, and wiring external to the unit, which gives a variation 
of properties with frequency in high-impedance circuits. The analogous 
capacitance on the emitter side is negligible because of the lower value of 
emitter impedance. One has, therefore, the T of resistors in the equivalent 
circuit substantially constant with frequency. 

The dominant factor governing frequency response of the transistor is 
therefore largely expressed as a variation of the net mutual impedance rj or, 
one may say as well, in the factor a which is the ratio of tm to Te. 

Measurements of ra as a function of frequency encounter the practical 
difficulty that it is impossible to present to the transistor over a wide fre- 
quency range an impedance high compared to the collector impedance. It 
is, however, quite easy to present to the collector a relatively low impedance 
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(75 ohms), which is constant over the frequency range of interest. Con- 
currently it is relatively simple to present to the emitter a high impedance, 
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Fig. 12—Sweeper for measuring frequency response. 
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Fig. 13— Alpha versus frequency. 


that is, to drive it with a constant current generator. Under these conditions 
the insertion power gain of the transistor is approximately a’, where the 
current amplification factor a@ is the ratio of increment in collector current to 
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increment in emitter current at constant collector voltage. The quantities 
and a are usually nearly the same. 

An oscilloscopic presentation of a versus frequency is possible and is a 
great convenience since many units can be measured quickly and variation 
with operating point observed directly. The sweep frequency generator 
built for this purpose is diagrammed in Fig. 12. It presents on an oscillo- 
scope the magnitude of @ as a function of frequency from 0 to 15 megacycles. 
Means are also available for making point-by-point plots which are more 
accurate, though much slower. 
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Fig. 14 —Cut-off frequency statistics. 


A set of curves of current amplification factor a versus frequency, as 
obtained with this apparatus, is shown in Fig. 13. The cutoff shape is a little 
sharper than that of a single R-C circuit but less so than that of a pair, one 
of which is shunt-peaked enough to make the combination flat. The ap- 
parent high-frequency asymptote varies in different units from 7 to 11 db 
per octave. 

The phase shift associated with this-curve has been found to be related to 
the amplitude in the same way as if the characteristic were that of a ‘‘mini- 

> Actually, a = (d1./dI«)y. is only one of a set of four circuit parameters h\; whose 
relationship to I, and V, is the same as that of the Z’s to I, and I,, and which furnish an 


alternative circuit representation of the transistor. The other three h’s can be measured 
in a similar manner but are of less interest. 
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mum phase” passive circuit.® Accordingly the phase shift, like the amplitude 
variation, is also intermediate between a single R-C interstage and the flat 
compensated pair of interstages. 

When variations between curve shapes are not too large, the shape can be 
characterized by a single parameter which we take as the cutoff frequency 
f.. Cutoff is detined as the frequency where the magnitude of a? is halved. 
Some statistical data on cutoff frequency of different units made of N-type 
and P-type germanium are plotted in Fig. 14. The P-material is somewhat 
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Fig. 15—Cut-off frequency versus collector voltage. 


better, in keeping with the fact that the active charge carriers producing 
the transistor effect in it are electrons having greater mobility than the holes 
which are active in N-type germanium. 

As one changes the operating point of the transistor the frequency re- 
sponse curve changes in such a way that the shape remains sensibly constant 
on a logarithmic frequency scale, but the scale changes. The cutoff frequency 
is usually roughly proportional to the collector voltage, with only minor 
dependence on the other operating parameter, as shown in Fig. 15 unit AS62. 


§ “Network Analysis and Feedback Amplifier Design,’ H. W. Bode, D. Van Nostrand 
Publishing Co., 1945. 
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Other types of variations of cutoff frequency with collector voltage are 
exhibited by some transistors. 

That frequency cutoff is affected by the spacing between points of the 
transistor is shown in Fig. 16, which gives some support to the idea that 
the cutoff frequency might vary inversely as point spacing, other things 
being equal. However, one has only to look at the graph to see that other 
things are not equal for, at any given point spacing, the cutoff frequencies 
of different units vary by almost an order of magnitude. It is, however, clear 
that point spacing is one of the important factors. 

In recapitulation of the measurements of frequency behavior, it appears 
possible to build Type A transistors with frequency cutoffs well above 10 
megacycles. At the present time, the factors determining the frequency 
behavior are uot yet under good control. 


CASCADE AMPLIFIERS 

Many cascading possibilities exist, since any connection of the transistor 
might be used in combination with other connections, as well as involving 
all the parameter variations which might be made on each single stage. 
Some of the more elementary possibilities will be mentioned. Since feedback 
in each unit greatly complicates the situation, the essential features of the 
amplifiers may become clearer by discusing an idealized case where feedback 
is absent or greatly reduced. For similar reasons, the preliminary discussion 
is confined to frequencies low enough so that the equivalent circuits are 
purely resistive. 

Perhaps the most straightforward cascade amplifier is the iterated 
grounded-base cascade, outlined in Fig. 17. Neglecting feedback, the in- 
sertion power gain is nearly equal to the current amplification factor a 
squared. For the Type A transistor this amounts to some 5 db per stage. 
For most uses this could be regarded as impractically low, but it might be 
pointed out that the tube analog (grounded grid cascade) is even worse; 
for when a = 1 the maximum insertion gain is 0 db per stage. Both am- 
plitiers of course can be made practical by interstage transformers (Fig. 18). 
For the Type A transistor, the matched gain without feedback rises to about 
15 db per stage, which still compares favorably in magnitude with most 
vrounded-grid tubes. 

When feedback is considered by allowing nm, to return to its usual value 
of a few hundred ohms, the question of stability becomes important. The 
nominal Type A transistor is still stable when the cascade interstages are 
matched, the gain rising to about 21 db per stage. For many units having 
more than the usual amount of feedback, the interstages cannot be matched 
without violating the stability condition and therefore encountering os- 
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cillations; but one can normally count on stable gains of 15 to 20 db per 
stage, the transformers being perhaps somewhat mismatched. 

Interesting possibilities for a good cascade amplifier with more gain than 
the grounded base cascade are offered by the grounded emitter connection. 
Incidentally, this gain advantage is also enjoyed by the grounded cathode 
or conventional tube connection, so that one would expect it to apply here 
from the electron tube analogy; but in transistors the feature that @ may be 
greater than 1 brings in complications having no simple analogy for tubes. 
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Fig. 17—Synopsis of grounded base cascade. 


The iterated grounded emitter cascade without feedback (that is, emitter 
resistance r,. = 0) is unstable for the nominal Type A transistor, but can be 
stabilized in many ways of which we shall mention only one. The equivalent 
circuit of Fig. 19 shows an added resistor which may be thought of as ad- 
justing the value of the collector resistance, and tends to make the unit 
more stable. When this resistor is adjusted to make the total collector 
resistance R, about equal to the net mutual resistance r,,, thus reducing 
the effective value of a to the neighborhood of unity, then the cascade am- 
plifier becomes stable, its gain being sensitive to the exact value chosen for 
the adjusting resistor. A numerical calculation for the grounded emitter 
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amplifier using the nominal Type A transistor adjusted in this way gives 
the following results: 

Assuming an adjusted value of collector resistance of 36000 ohms to be 
satisfactory for stability, then the iterative input impedance is 2300 ohms, 
output impedance 4000 ohms, and insertion gain about 21 db per stage with- 
out transformers. Three-stage stable amplifiers having power gains of about 
55 db have been operated. 
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Fig. 18—Synopsis of grounded base cascade with transformers. 


Another interesting feature of the grounded emitter amplifier is the ease 
with which negative feedback may be applied to it. A resistor inserted in 
the emitter lead gives local negative feedback analogous to the cathode 
feedback of tubes, while feedback involving several stages is also obtainable 
by common-lead methods analogous to common-cathode resistors familiar 
in the tube art. By such means, as is well known, distortion instability or 
gain variation may be reduced, or power output increased. 

Theoretical study of these and other iterative amplifiers, particularly at 
higher frequencies, is conveniently carried on with the aid of the formulas 
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of Figs. 20 and 21 which give some of the iterative properties of a general! 
fourpole and the effect thereon of an interstage matching transformer. 
rhe iterative method of course does not exhaust the possibilities of cas- 
cade amplifiers. They can also be designed stage by stage. Even when feed- 
back is large they can be cascaded together in the manner used for filter 
sections. A particular design of this sort is shown in Fig. 22. It is a grounded 
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Fig. 19—Synopsis of grounded emitter cascade. 


base stage followed by a grounded collector and accordingly has the tube 
analog grounded-grid, cathode follower, from which one would expect that 
the terminating impedances would be low and the interstage impedance 
high. This amplifier matched a 600-ohm line to better than 10% and had 16 
db insertion gain, with a bandwidth of about a megacycle. An adaptation 
for video purposes was made to obtain over a band from 100 cycles to 3.5 
megacycles, an insertion gain of 20 db in a 75-ohm coaxial line. 
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Fig. 21—Four-pole with ideal transformer. 
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The foregoing amplifiers both have rather low output powers because of 
the fact that the emitter, a low-current electrode, is the output electrode. 
A way of improving this situation has been suggested in the second amplifier 
schematic shown in Fig. 22. The first stage is a grounded emitter and the 
second a grounded collector transistor, the latter operating in what we have 
calted the “backward” direction so that the output electrode is the base and 
the power level is improved. This amplifier can be stabilized by negative 
feedback obtainable by inserting a resistor in the first stage emitter lead. 

These examples emphasize that one can cascade unlike stages and that 
feedback can be used to stabilize performance, just as with electron tubes. 
These amplifiers can be further cascaded to obtain more gain. Other pos- 
sibilities worthy of mention include modifying the design of the first stage 


0 a = ae —_ a 
mee ] } | 


Fig. 22—Non-iterative cascade amplifiers. 








of an iterative amplifier to obtain good noise figure, or of the last stage 
for greater power output. 


Banp Pass AMPLIFIERS 


Bandpass amplifiers require a few remarks before concluding the small- 
signal discussion. The design within the band may be carried out by the 
methods previously discussed; but frequently attention must also be paid 
to properties outside the band, to an extent unusual with tubes. The reason, 
of course, is connected with that Dr. Jekyll and Mr. Hyde of transistors, 
a (or a) greater than 1. When a transistor may be short-circuit unstable, 
then oscillations may result from the practise usual with electron tube 
amplifiers of letting the impedances outside the band fall to low values. For 
the same reason design of power leads requires more care than usual. The 
problems encountered are somewhat similar to those of tube amplifiers 
with feedback in that one must pay attention to characteristics far outside 
the useful band. In the case of transistors, one may have to exercise design 
care to avoid oscillations even when the gain of the amplifier is less than 
unity. 


LARGE SIGNAL ANALYSIS 


Large signals are those which involve considerable excursions over the 
electrical characteristics of the device and cannot be regarded as small 
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changes near an assumed operating point. For their general study a most 
convenient tool is provided by the set of static characteristics of the unit. 

Since most analyses begin with the static characteristics, perhaps some 
excuse is needed for the unorthodox approach which has delayed them to 
this point. Two reasons may be cited: First, the small-signal behavior is in 
a sense simpler, being capable of discussion by the familiar linear methods 
of circuit theory. Second, the small-signal behavior has brought out some 
features, notably short-circuit instability, which have a bearing on certain 
features of the static characteristics, on the methods of measuring them, 
and on the particular manner of expressing them. 

A set of characteristics representative of Type A transistor performance 
is shown in Fig. 23, consisting of four plots, one of each of the electrode 
voltages against each of the currents with the other current as parameter. 
Contrary to electron tube practise, rather than the voltages we take the 
currents as the independent variables. This choice avoids the experimental 
difficulty that the short-circuit unstable transistors might oscillate if we 
were to attempt to hold the electrode voltages constant, as well as the con- 
comitant analytical trouble that in that case the voltage-dependent char- 
acteristics become double-valued. 

The relationship of these characteristics to the open-circuit impedances 
is direct and quickly shown. Suppose the voltages are expressed formally 
as functions of the currents: 


Ve = f; (le, Ic) (2) 
Ve = fe (Ie, Ic) 
Differentiating, and identifying the differentials as small-signal variables, 
we get immediately the equations for the open-circuit resistances: 


Of; , Of; 
Ve =: lo 
“— ii Alc 
i , (3) 
¥ —— Ole ; Ole 
‘ . Ol, } Ole 


Accordingly, the open-circuit resistances are the slopes of these static 
characteristics. The reactive components do not appear because our as- 
sumptions (2) were not sufficiently general to take them into account or, 
in other words, the reactive information is not contained in the static char- 
acteristics. 

Just as there are five other pairs of small signal parameters which could 
have been chosen, so there are five other ways in which the static character- 
istics could have been expressed. Often these other ways are convenient 
for special purposes or are closely connected with particular large signal 
circuits. 
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Measurement of the characteristics can be by conventional! point-by-point 
plots or by oscilloscope presentation. An oscilloscopic curve tracer has been 
built which can show any of the four characteristics for any of the six pairs 
of independent parameters of the Type A transistor, as well as any two-pole 
characteristic which might be of interest (such as a negative resistance 
characteristic). 

Occasionally the static characteristics are affected by effects of a thermal 
nature such that an oscilloscope trace does not give the same results as a 
slow point-by-point plot. These thermal effects are small in the usual region 
of operation of the Type A transistor but may become appreciable if the 
unit is heated by excessive power dissipation in it. 


POWER OuTPUT AND DISTORTION 


The problem of obtaining good ‘‘undistorted”’ power output from a tran- 
sistor at low frequencies is one which is conveniently discussed by means 
of the static characteristics. Analytically this question belongs to the class of 
slightly non-linear problems but, for descriptive purposes, it is illustrated 
by the curves of Fig. 24. The family of collector characteristics of a Type A 
transistor is shown. The region of linear operation is substantially that part 
of the plot where the curves are uniformly spaced, have constant slope, and 
lie within the permitted power dissipation of the unit. 

In driving a Type A transistor harder and harder in an attempt to get 
greater power output, one may encounter four types of overload distortion, 
analogous to the types found in tubes. 

1. One may drive the emitter negative into the cutoff region where the 
collector current fails to respond to changes in emitter potential, correspond- 
ing to grid cut-off in a tube. 

2. One may drive the emitter positive into an emitter overload region 
where non-linear distortion may be encountered because the emitter im- 
pedance changes with its voltage. The corresponding tube phenomenon is 
positive grid distortion. For both tubes and transistors this effect is a minor 
one which may be actually beneficial in practical cases. 

3. The collector may be driven down to low potential where it can no 
longer draw the current required to follow the impressed emitter current 
variations. This distortion corresponds to plate ‘“‘bottoming”’ in electron 
tubes. 

4. The collector may be driven up to high currents where it overloads 
because of the non-linear voltage response in that region arising from heating 
effects. This effect has practical consequences something like the overloading 
of electron tubes which may arise from insufficient cathode emission. 

In other words, either emitter or collector may be driven into overload 
or cut-off and the problem of getting good power output reduces to choosing 
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an operating point and load impedance such as to avoid these non-linear 
effects as long as possible. Reverting to Fig. 24, since one wants as large a 
product of AV- AI as possible, the problem may be thought of in geometrical 
terms as approximately that of constructing the largest possible rectangle 
such that a load line extending diagonally across the corners of this rectangle 
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Fig. 24-—-Collector power output plot. 


lies within the “linear” region of operation. The slope of this line gives the 
load impedance required, its intercept the collector supply voltage (for 
resistance coupling), and the sides of the rectangle give the extreme values 
of voltage and current. The center of the rectangle is approximately the 
quiescent or small-signal operating point. 


Under optimum conditions of load impedance and operating point, 
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one obtains power efficiencies comparable to Class A electron tube operation, 


that is, 20 to 35% efficiency with a few percent harmonic distortion. As 
contrasted to recommendations for good low-level gain for the Type A 
transistor, the optimum conditions for power output have usually involved 
lower load impedances and higher currents. Representative values may be: 
load impedance, 5000 ohms; collector current, —8 milliamperes at —35 
volts bias; emitter current, 3 milliamperes; power output, 60 milliwatts, 
with distortion less than ten percent. 

One complication of the power transistor is that, when the optimum load 
impedance is low, the operating point gets nearer to the region where the 
transistor may tend to oscillate if it happens to be one of the kind which 
is short-circuit unstable. A saving circumstance here is available in that 


Fig. 25--Some power transistors. 


added resistance in the emitter lead tends to promote stability, so that the 
transistor may be stabilized by operating out of a higher generator im- 
pedance, possibly at some cost in reduced gain. A corollary aspect of the 
same phenomenon is that the input impedance of a high-power transistor 
may become very low or even negative. 

Higher power output from the transistor can also be obtained by in- 
creasing the permissible collector dissipation. This has been accomplished 
by using a thin wafer of germanium directly soldered to a copper base 
equipped with suitable fins to facilitate the removal of heat generated in 
the vicinity of the collector point. An increase in allowable dissipation from 
200 to 600 milliwatts has been thereby obtained. Output powers of ap- 
proximately 200 milliwatts at a conversion efficiency of 33°) have been 
realized. 

The photograph of Fig. 25 shows on the left the type A transistor, in 
the center the power version of this unit, and on the right is shown a double 
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ended type of power transistor using two germanium wafers with a common 
radiator for push-pull applications. 


OTHER LARGE-SIGNAL APPLICATIONS 


The static characteristics can be used for calculations of many large- 
signal circuits of which only a few examples can be given here. The first is a 
tickler feedback oscillator of Fig. 26, which uses the grounded-base circuit 
with a resonant circuit in the collector lead, transformer-coupled back to 
the emitter. 

Other circuits making use of the special possibilities of the transistor 
include an oscillator with anti-resonant circuit in the base lead, or with a 
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Fig. 26—Transistor oscillators. 


series resonant circuit from collector to emitter. Some of these circuits make 
use of the short-circuit instability peculiar to the transistor and accordingly 
would not work with electron tubes. 
NOISE 

A discussion of small-signal amplifiers would be incomplete without 
some mention of the limiting factor of noise. The noise has been left to 
the last, however, because its discussion complicates the circuits slightly, 
and perhaps because it is not well to present too early an aspect of per- 
formance which is at the moment so much inferior to electron tubes. 

On the circuit representation of noise as well as signal much work has 
been done by L. C. Peterson.’ It turns out that in the general four-terminal 
network in which we are interested, a complete noise representation for 


7 “Signal and Noise in Microwave Tetrode,” Proc. [.R.E., Nov. 1947, pp. 1264-1272 
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circuit purposes may be obtained by adding two noise generators to the 
equivalent circuit of four signal parameters, as shown in Fig. 27. 

These noise representations are on an entirely similar basis to the signal 
representations. Just as four elements in any independent configuration 
suffice for signal description, so two noise generators in either series or 
shunt in any convenient independent locations can be added to account 
for the noise. All these representations give the same signal and noise be- 
havior for any external connections. Still, some may be better than others 
in corresponding to the actual physics of the transistor; presumably the 
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Fig. 27—Synopsis of general four-pole, including noise. 


better representations will show particularly simple behavior, for example, 
in their dependence upon the d-c operating point of the transistor. The 
usual choice puts noise voltage generators in series with the emitter and 
collector leads, as shown. 

If the two noise generators were truly independent physical sources 
of noise, their outputs would be expected to show no correlation and their 
noise power contributions would be simply additive. This independence is 
not usually the case for the Type A transistor. By adding the noise outputs 
and comparing the power in the sum to that in the separate components, 
correlation coefficients ranging from —.8 to +.4 have been found. From this 
the conclusion can be drawn that the physical sources of noise in the network 
do not act in series with the leads but at least to some extent arise elsewhere 





396 BELL SYSTEM TECHNICAL JOURNAL 


in the transistor and contribute correlated noise output to both the genera- 
tors of the circuit representation. 

The transistor noise is of two types. One is a rushing sound somewhat 
similar qualitatively to thermal resistance noise; the other is a frying or 
rough sound which occurs erratically, usually in the noisier units. The noise 





70 
| l¢= 0.65 MA. 
Ic = 2.0 MA. 


| 


| 











IN 1-CYCLE BAND 








MICROVOLT 





4 














SLOPE -(.1 
4, 





+ 
| 


= 
2) 
a 
uw 
” 
as | 
w 
@ 
UV 
Ww 
(ae) 
Z 
(a) 
Ww 
x 
< 
_ 
i¢] 
” 
w 
o 
< 
B 
2 
° 
> 
w 
” 
fe) 
= 

















ili = er | 1 1 1 a a a Lud, nds 
40 60 80100 200 400 600 1000 2000 4000 10,000 20,000 
FREQUENCY IN CYCLES PER SECOND 





Fig. 28 Transistor noise versus frequency. 


power per unit bandwidth varies almost exactly inversely with frequency 
as shown in Fig. 28, being in this respect reminiscent of contact noise. 
Since the noise dependence on frequency is known, its level may be given 
as noise voltage per unit bandwidth at a reference frequency (1000 cycles). 
The collector noise usually dominates as far as practical effects on the output 
are concerned, Representative values are about 100 microvolts per cycle 
at 1000 cycles for the collector, and one or two microvolts for the emitter. 
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The noise voltages depend mainly on the collector direct voltage as 
shown in Fig. 29. While they do vary with the other operating parameter 
at constant collector voltage, such variations rarely exceed 10 db, which 
is much less than the variations with collector voltage. 

More important than the actual level of the noise is its relation to thermal 
resistance noise, which is the ultimate limit to amplification. This relation- 
ship is conveniently expressed by means of the noise figure, or number of 
times noisier than amplified thermal noise in the output of the amplifier. 
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Fig. 29 — Transistor noise versus operating point 


A representative noise figure for the Type A transistor at 1000 cycles is 
60 db, with individual units ranging from 50 to 70 db. 

Noise figure formulas for the three single-stage connections are given 
in Fig. 30. The noise performance of the three connections would usually 
not be very different if it were not for stability considerations, which may 
render unusable the generator impedance which would give optimum per- 
formance. Mainly, on account of stability, the grounded base connection 
may be said to give the best noise performance, with the grounded emitter 
running a close second. 

The noise figure of any device depends upon the generator impedance 
out of which it works but does not depend upon the load. Accordingly, 
there exists an optimum generator impedance which gives the best noise 
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Fig. 30-—Noise figure formulas. 
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figure of which the unit is capable. This optimum source impedance is 
best for signal-to-noise performance, not for signal performance alone; 
hence, as is well known for vacuum tubes, it is usually not a match for 
the unit, and in general both the resistive and reactive components of 
impedance may be mismatched to the unit. 

For the transistor at low frequencies in the grounded-base connection, 
reactive effects are negligible and the emitter noise generator may usually 


be neglected. Under these conditions the optimum noise figure is obtained 
from a generator of impedance equal to the open-circuit input resistance 
of the transistor (not the actual working input resistance, which may be 
quite different). 

The best operating point for low noise is usually obtained at a moderate 
collector voltage (20 volts) and a small emitter current (0.5 ma.). 


SUMMARY 


A tentative evaluation of the Type A transistor may be made on the 
basis of presently available information. Before making it, we should say 
that a comparison with the field of electron tubes is obviously unfair — 
there are many against one, and a little one at that. Furthermore the little 
one is a baby not only in size but in length of time under development. 
It is only natural that the full possibilities are not yet apparent. With 
these reservations, we can make the following statements about the present 
Type A transistor: 

Gain: the transistor figure of about 17 db per stage is somewhat low 
compared to 30 or 40 db obtainable from audio tubes. When the band- 
width is taken into consideration the gain-band product of the transistor 
is good but, since the excess bandwidth cannot be exchanged for gain, 
this number is in this case illusory for narrow-band amplifiers. For video 
amplifiers the comparison is more favorable. 

Stability considerations differ from the electron tube in such a way 
as to be likely to give more trouble at low frequencies. At video frequencies 
this difference is less marked if we play fair by comparing with a triode 
tube instead of a pentode. The latter is of course better shielded than the 
transistor. 

Frequency response appears to be practical up to 10 megacycles or more. 

Power output efficiency of around 30°, Class A, seems fully comparable 
to an electron tube, so that a comparison between the two can be based 
on input d-c power. 

Noise figure of 60 db at 1000 cycles is much worse than that of a good 
electron tube, which can come close to 0 db. In view of the frequency de- 
pendence which brings the transistor noise figure down to 30 db at a mega- 
cycle, the comparison at video frequencies is less unfavorable, particularly 
if some developmental improvement can be made. 
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So far on most counts the comparison is not too favorable but, as we said 
before, it isn’t fair to the baby. In addition there are a number of other 
considerations which are secondary from the point of view of pure technique 
but may be dominant from other points of view. Among favorable factors 
here are: small size; low power drain; no standby power, but instant re- 
sponse when needed; low heating effect when used in large numbers; and 
ruggedness. 

The life of transistors should be fairly long on the basis of diode per- 
formance, but the device is too new to permit definite statement. The 
mechanical simplicity might well lead one to hope for low cost, but no 
production figures are as yet available. 

In fine, even if Type A transistor performance does not excel all electron 
tubes, it is still good enough for many applications and will be considerably 
better in the future. 
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Theory of Transient Phenomena in the Transport of Holes 
in an Excess Semiconductor 


By CONYERS HERRING 


An analysis is given of the transient behavior of the density of holes a, in an 
excess semiconductor as a function of time ¢ and of position x with respect to the 
electrode from which they are being injected. When the geometry is one-dimen- 
sional, an exact solution for the function ma(x, ¢) can be constructed, provided 
certain simplifying assumptions are fulfilled, of which the most important are that 
there be no appreciable trapping of holes or electrons and that diffusion be negligi- 
ble. An attempt is made to estimate the range of conditions over which the 
neglect of diffusion will be justified. A few applications of the theory to possible 
experiments are discussed 

A variety of experiments have been performed, and others are planned, 
which involve measurement of transient or steady-state phenomena due to 
the drift of positive holes along a specimen of n-type semiconductor after 
they have been introduced at an injection electrode or emitter.’ These phe- 
nomena are presumably a result of the interplay of drift, space-charge, re- 
combination, and diffusion effects. This paper seeks to relate these effects to 
the phenomena, and its principal contribution is an explicit calculation of the 
transient phenomena outside the range of small-signal theory, for cases 
where the geometry is one-dimensional and where certain simplifying as- 
sumptions, notably the neglect of diffusion, are justified. Removal of some 
of these simplifying assumptions and a more careful development of the 
theory will be necessary in certain applications. 

Section 1 discusses the physical assumptions and boundary conditions 
involved in setting the problem up. Section 2 contains calculations of the 
distribution of holes along the length of the semiconductor at various times, 
for the mathematically simplest case where recombination and diffusion are 
ignored and all currents are held constant after the start of the injection. 
This simple case illustrates the method of attack to be used in the more 
general calculations of Section 4, and it is hoped that this sketching of basic 
ideas will enable the hasty reader to pass on to Section 6 without going 

' Experiments of this sort have been undertaken with the objective of testing and 
extending the theoretical interpretation of transistor action proposed by J. Bardeen and 
W. H. Brattain, Phys. Rev., 75, 1208 (1949), especially as regards the role of volume 
transport of holes, a role first suggested by J. N. Shive, Phys. Rev., 75, 689 (1949). Ex- 
amples of the type of experiment discussed in the present paper have been described by: 
J. R. Haynes and W. Shockley, Pirys. Rev., 75, 691 (1949) (transient effects); W. Shockley, 
G. L. Pearson, M. Sparks and W. H. Brattain, in a paper presented at the Cambridge 
Meeting of the American Physical Society, June 16-18, 1949 (steady-state transport); 
W. Shockley, G. L. Pearson, and J. R. Haynes, Bell Sys. Tech. Jour., this issue (steady 
state and transient effects). 
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through the mathematical details of Sections 3, 4, and 5. Section 3 contains 
the complete differential equations of the problem, including diffusion and 
recombination, and Section 4 gives the solution when only the diffusion 
terms are neglected. Section 5 contains some order-of-magnitude estimates 
regarding diffusion effects. Section 6 summarizes the capabilities of the 
theory so far developed, presents some obvious generalizations, and dis- 
cusses an interesting shock wave phenomenon which occurs whenever the 
injected hole current is quickly decreased. 


1. Bastc ASSUMPTIONS AND BOUNDARY CONDITIONS 


Consider the n-type semiconducting specimen shown in Fig. 1, having 
electrodes at its two ends, x = —aand x = 3, respectively, and an injection 
electrode system at x = 0 somewhere in between. Let a current of density jo 
per unit area enter at the left-hand end, and let a current of density j, be 


injected at « = 0. To make the problem strictly one-dimensional, it will be 
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Fig. 1—Idealized experiment on hole transport in one dimension. 


supposed that this injection takes place uniformly over the plane cross- 
section of the specimen at x = 0, instead of taking place at isolated points 
of the surface, as is usually the case in experiments. This idealization will 
presumably be justified if the thickness of the specimen is small compared 
with lengths in the x-direction which are significant in the experiment and 
if the injected positive holes are able to spread themselves uniformly over 
the cross-section before appreciable recombination has taken place. 

Unless otherwise stated, it will be supposed that /, consists entirely of 
positive holes, i.e., that the number of electrons withdrawn from the speci- 
men by the electrode at x = O is negligible compared with the number of 
holes injected. The currents j, and j, need not be constant in time, although 
most of the analysis to be given below will assume them constant after the 
time of initiation of }, . 

One can set up differential equations for the variation with x and time 
of the electron density, 7, , and the hole density, 2, . These equations will in 
the general case involve migration due to electrostatic fields, diffusion, re- 
combination, trapping, and thermal release of electrons and holes from 
traps. It will be assumed, however, that trapping and thermal release from 
traps can be neglected, or, more precisely stated, that creation of mobile 
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holes and electrons occurs only at the electrodes, and that the disappearance 


of mobile holes and electrons is caused only by mechanisms which cause 
holes and electrons to disappear in equal numbers at essentially the same 
time and place. If this assumption is valid, the charge density due to im- 
purity centers will never differ from its equilibrium value by an amount 
comparable with the density due to free electrons. This assumption can be 
expected to be reasonably good for an n-type impurity semiconductor in 
which the number of donor levels is very much greater than the number of 
acceptor levels and for which, at the operating temperature, practically all 
the donor levels have been thermally ionized, while thermal excitation of 
electrons from the normally full band has not yet become appreciable. 

As has just been mentioned, the differential equations for the behavior 
of the electron and hole densities involve migration under the influence of 
the local electric tield £(x, /). This field is in turn influenced by the space 
charge due to any inequality between the hole density , and the electron 
excess (#1, — mo), Where mo is the normal electron density. If the difference 
(4%, -- Ne + No) were comparable with , or n, , the problem would be very 
complicated. Fortunately, however, this difference cannot have an appreci- 
able value over an appreciable range of x, on the scale of typical experiments. 
For example, if (7, — 1. + mo) were 107° of mo for a range Ax of 1p, and if 
no is 10 cm, then the difference in field strength on the two sides of Ax 
would be about 2000v cm, a field which would outweigh all other fields in 
the problem and rapidly neutralize the space charge. Moreover, the time 
required for the evening out of any such abnormally high space charge would 
be very short, of the order of magnitude of the resistivity of the specimen 
expressed in absolute electrostatic units (1 sec. = 9 XK 10’! 2 cm). Thus it 
will be quite legitimate to assume (#7, — nu, + mo) = O in all equations of 
the problem except Poisson’s equation which determines the field £, and 
so m, can be eliminated from the conduction-diffusion equations for holes 
and electrons. These two equations can then be used, as is shown below, to 
determine the two unknown functions , and £, Poisson’s equation being 
discarded as unnecessary. 

The boundary conditions for these differential equations consist of two 
parts, the conditions at ¢ = 0 and those at and to the left of x = 0. In most 
of the applications to be considered, the injection current 7, will be assumed 
to commence at / = 0. Thus, initially, the specimen will be free of holes and, 
at ¢ = O*, will have a field Fa = ja/oo in the region —a < x < 0, anda 
field Ey = j»/ oo in the region 0 < x < 6, where op is the normal conductivity 
of the specimen and j, = ja + je is the total current density to the right 
of x = 0. The boundary condition at x = 0 is determined by the magnitudes 
of the electronic and hole contributions to the injection current ),. If no 
electrons are withdrawn by the electrode at x = 0, then the electron cur- 
rents just to the left and just to the right of x = 0 must be equal, and the 
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hole current densities on the two sides must differ by j, ; fa part of J, is 


due to withdrawal of electrons, then the electronic current will have a cor 
responding discontinuity. If j, is positive, ie., flows from left to right in the 
specimen, the current can be assumed to be practically entirely electronic 
over most of the range from —a to 0; i.e., as « becomes negative the hole 
current must rapidly approach zero and the electron current must rapidly 
approach j,. In fact, if diffusion is ignored the electron and hole currents 
must have these limiting values for any negative x. 

The preceding discussion and the mathematics to follow have been 
couched in purely one-dimensional language, i.e., have been formulated as if 
the electron and hole densities were functions of x alone, independent of y 
and s, and as if the semiconductor extended to infinity in the y- and s-direc- 
tions. However, it is easy to see at each stage that practically the same 
equations can be written for transport of holes along a narrow filament whose 
thickness is small compared with the linear scale of the phenomena along its 
length, even when the density of holes is not uniform over the cross-section 
of the filament. If the density of holes is uniform over the cross-section, all 
the equations will of course hold as written. However, recent work? has 
suggested that holes recombine with electrons so rapidly at the surface that 
the density of holes may be much smaller near the surface than in the center 
of the cross-section. In such case all the equations of this memorandum must 
be interpreted as applying to the mean value, m,(.7), of the density of holes, 
n(x, y, 5), averaged over the cross-section of the filament; also, the rate of 
recombination of holes and electrons must be set equal to some function of 
nm, , as yet not reliably known, instead of to a constant times the product of 
electron and hole densities. This will of course alter most of the quantitative 
predictions of Section 4, but will not require any change in the method of 
calculation, 


2. FORMULATION AND SOLUTION OF THE PROBLEM WITH NEGLECT OF 
DIFFUSION AND RECOMBINATION 
For this case the electron and hole currents can each be equated to the 
product of field strength & by particle density 7 by mobility w, and the 
continuity equations are 


On 0 ‘ 

— — (Hyp ny) (1) 
Jl Ox 

Ol, 0 

pa men CP Tg) (2) 
al OX 


2H. Suhl and W. Shockley, paper Q1I1 presented at the Washington Meeting of the 
American Physical Society, April 29, 1949; see also Shockley, Pearson, Sparks and Brat 
tain, reference 1. 
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i ; ies ; Onn, = =ONe ; 
Since the neutrality condition requires rr = aa subtracting (1) and (2) and 
Cc € 


integrating gives the equation of conservation of total current: 
(ue + Mama) = j(t) e = const. indep. of x 


where of course } = Jj» = (Ja + j-) when 0 < x < b and when conditions 
are such that all currents flow from left to right. Putting the neutrality con- 
dition n. = nm, + no, into the equation gives the following relation between 
Eand ny : 


El(ue + wadtn + weno] = je (3) 
This can be used to eliminate either / or n, from (1). If & is eliminated 
we have 


ON), hNo] On) pe Os 
= ee = —V(m) (4) 


al ~ el (Me + pn)ith + Me Mo]? Ox Ox 


where V(),) is an abbreviation for the coefficient shown. If, instead, a), is 
eliminated from (1) a similar equation results: 


OE < dj pay Oe 
= = ; 4 ~V (E) — (5) 
where 
V(E) = cE pppeto/j = Eps(E/ Eo) (6) 
where 
Eo = j/ Go (7) 


i.e., the field necessary to maintain the total current by electronic conduction 
in the normal state of the specimen. The velocity V(/) is of course numeri- 
cally the same as the V(m,) occurring in (4) when £ and x, are related 
by (3). 

The solution can be based on either (4) or (5). We shall use (4), as 7, 
is the most interesting quantity for direct measurement, and as the differen- 
tial equation to be given below for the case where diffusion terms are in- 
cluded is simpler when mz, is chosen as the dependent variable. 

Equation (4) (or (5)) describes a wave propagated with the variable 
velocity V. Ij. K ja, so that # is never greatly different from Ey , 
(4) (or (5)) and (6) indicate that 1, (or £) is propagated with the constant 
velocity Zo ua, as is of course to be expected. More interesting is the case 
where 7, and j, are comparable, so that Vo departs significantly from con- 
stancy. It is tempting to suppose that, for this case also, the curve of a, 
against x. at any time / can be constructed by taking the graph of 1), against 
vat ¢ = 0 and moving each point of the curve horizontally to the right a 
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distance V(i,)¢. One can, in fact, easily verify that this construction gives a 
solution of (4), by writing (4) in the form 


= V (1t;,) 


On) 
& 7 ee oe 
Ol Wp ON), 
Ox Jt 
whence it is obvious that the function (x, ¢) defined implicitly by 
x(n, t) = x(n, ,0) + Vn, 


satisties (4) for any form of the arbitrary function x(7, , 0), and that, con- 
versely, any solution of (4) must be of this form. 
Assuming, as in the preceding, that all currents flow from left to right, 
the boundary conditions at ¢ = OF are: 
n, = Oforx < Oandx > 0 


or, equivalently, 


= Ey = ja/o0 for x <0 


E = Ey = (jatjd/oo for x >0}_ 


The boundary conditions at x = 0 are, for ¢ > 0, 
n, = O or, equivalently, EF = E, for « = 0 
and 
nN, = Nyy Or, equivalently, F = &,, for x = 0" 

where £; and m, are given by the requirement of continuity of electronic 
current, 1.e., 

Egnobe = Ey (to + Wn) pe 
whence, using the relation (3) between F-, and nj, and expressing /, as 
le NvlMe 

Io 


Ja Mh Pa 
Je Me 


(12) 


or, alternatively, 


: : (ue + mn) Je 7 
E, = F&)|1— a |. (13) 
Lr (ja + Je) 


According to (12), mu is small when ), is small; and, by (13), /) is only 
slightly below /y for this case. As 7, increases, mp; increases and /; decreases, 
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and (12) and (13) would make mj; infinite and F; zero when je/ja = bh/ Me - 
This merely means that the assumptions made in this section, in particular 
the neglect of diffusion and recombination or the assumption that no elec- 
trons are taken out by the injection electrode, must fail to be valid before 
J. gets as large as waja me. It will, in fact, be shown in Section 5 how the 
presence of enormous concentration gradients makes it essential to consider 
the effects of diffusion near x = 0 when j, becomes large. 

Putting the boundary conditions (8), (9), (10), and (11) into the wave- 


] 


w 
































— 
t>0 
Fig. 2—-Schematic variation of hole density m, and electric field E with distance x from 
injection electrode and time ¢ after the start of the injected current, in the approximation 
neglecting diffusion and recombination. 


propagation construction described above gives the solution shown schemati- 


cally in Fig. 2. An infinitesimal instant after 4 = 0, 2, is zero everywhere 


except in an infinitesimal interval at « = 0, where it rises to a maximum 
value wm); given by (12). This is shown schematically in the upper left dia- 
gram of Fig. 2. The corresponding plot of £, shown in the upper right, dips 
down to £; , which is less than either &, or Eo , in this infinitesimal interval. 
After a finite time has elapsed, the curves of m,; and E against x are simply 
those obtained by moving each point of the right-hand portions of these 
{ = 0* curves a distance V¢ horizontally to the right, as shown in the bottom 
two sketches. Here V depends on the ordinate in each diagram, taking on 
its maximum value Fou, when 7, = 0 or E = Ey. Since V is proportional 
to £, the curve in the lower right diagram is a parabola in the range be- 
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tween the front and the rear of the transient disturbance; this parabola, if 
continued, would have its vertex at the origin. After a sufficiently long time 
a steady state will be reached in which the field for positive x has the uni- 
form value £, and the density of holes the uniform value m1 . 

It is possible to measure w, as a function of / for fixed x by using a closely 
spaced pair of probes to measure the potential gradient /, and conve, ting £ 
to m by (3); alternatively, the current to a single negatively biased probe 
can be used as a measure of m), , if calibrated by the two-probe method. The 
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Fig. 3—Schematic variation of hole density m, with time ¢ after the start of the injected 
current, at some given distance downstream from the injection electrode, in the approxi 
mation neglecting diffusion and recombination. 


portion of this curve of m, against / for which 0 < m, < ny, Is given, in the 
present approximation, by 


xl (ue + Ma)th + Me nol é 


t(=v7 V (n)) = : = 
Me Mn Nol Ja + Je) (14) 


fr[1 + (1-4 Mi Me) My, nol? 

where 
lp = x/ Eom (15) 
is the time of arrival of the front of the disturbance. This curve is a parabola, 
as shown in Fig. 3; if continued, the parabola would have its vertex on the 
negative 1), axis, as shown. The rear of the disturbance, at which x, becomes 
constant and equal to nm, , arrives at a time /e given by inserting #,; from 


(12) into (14): 


, 


fe = te/{1 — (1 + we/mn)je/(Ga + Je)] (16) 
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Note that the velocity of advance of the rear of the disturbance is less than 
that with which the holes drift in the steady-state field £, . In other words, 
wave velocity and particle velocity must be distinguished in phenomena of 
this sort, although they happen to coincide at the front of the disturbance. 

The discussion just given has been based on the assumption that j, and 
j- are independent of time, and that they both flow from left to right in Fig. 1. 
Time changes in the currents are easily taken into account in the m, con- 
struction of Fig. 2: according to (4), it is merely necessary to move the 
various points of the curve of 1, against x to the right with the variable 
velocity Vu, , /) instead of the constant velocity V(i,); in addition, m1 
will in general not be a constant, so that the part of the curve for small x 
will no longer be a horizontal line. As for the restriction that the currents 
all flow from left to right, only a change of notation is needed to make all 
formulas apply to the case where all currents flow from right to left; and 
the case where part of j, flows to the right and part to the left can, obviously, 


occur only under conditions where the assumptions of this section are not 


fulfilled, i.e., can occur only if electrons are removed at x = 0 or if both 
diffusion and recombination are important. For, if diffusion is negligible, 
the existence of a potential maximum at x« = 0 implies a convergence of 
electrons from both sides onto the plane « = 0, and recombination alone 


cannot annihilate electrons at a finite rate in an infinitesimal volume. 

Mention has already been made of the fact that equations such as (12) 
and (13) give an infinite density of holes when j,j4 = wa Me, and are non- 
sensical for larger values of j, ja. It is easy to see why any theory which 
neglects diffusion must break down for values of j, j, of this size and larger 
if no electrons are removed by the injection electrode. If j, ja is too large, 
any positive tield just to the right of the injection plane + = 0 will cause 
more electrons to flow in the negative x-direction than can be carried off 
by the current j, which flows in the region of negative x. This difficulty 
cannot be eliminated by making the field smaller in the region of small 
positive x, since making the field smaller requires a higher density of holes 
to carry the hole current j, ; and this in turn requires a higher density of 
electrons to preserve electrical neutrality. Thus, though it may be possible 
to realize experimental conditions under which the approximations of this 
section are valid for moderate values of j, ja, increase of j, ja above the 
critical value will always result in the building up of an enormously high 
density of holes and electrons near x Q, and one must then consider 
diffusive transport and possibly other phenomena such as breakdown of the 
assumption that no electrons are removed by the injection electrode. 

It will be shown below that the effect of recombination on the curves of 
ny, against v at various times / can be taken into account by using a geometri- 
cal construction similar to that of Fig. 2 except that, instead of moving the 
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various points of the curve horizontally to the right with increasing time, 
one must move them along a family of decreasing curves (cf. Figs. 4, 5, 
and 6). The effect of diffusion can be described roughly as a migration of 
each point from one of these curves to another. 


3. COMPLETE DIFFERENTIAL EQUATIONS OF THE PROBLEM 


As was mentioned in Section 1, the transport of electrons and holes along 
a narrow filament can be described by one-dimensional equations even if 
recombination at the surface of the filament causes the distribution of 
electrons and holes to be non-uniform over its cross-section. In the equations 
to follow, 2, and , will be understood to refer to averages, over the cross- 
section, of the hole and electron densities, respectively; the electrostatic 
field £ can always be assumed uniform over the cross-section of the filament, 
if the latter is thin. The as yet uncertain influence of the surface on the rate 
of recombination of electrons and holes can be allowed for by writing the 
recombination rate as noR(n),/no)/7 particles per unit volume per unit time, 
where R is a function which is asymptotically ,/no as its argument —0, 
and where 7 is the recombination time for small hole densities. For pure 
volume recombination, R = n,n, nj = (np/No)(1 + ma/no), while a con- 
ceivable extreme of surface recombination would be R = ny/io. 

Using this function, the continuity equations for electrons and holes can 
then be written, with inclusion of recombination and diffusion terms 


on 0 : Noy Nh 0 On), és 
= _ mie (Fup Ny) R : + Dy = (17) 
al Ox T No ox Ox 

On, 0 : Ny 1p, 0 ON, ‘ 
— - — (eg) = So ee aps (18) 
al Ox T No Ox OX 


where the D’s are the diffusion constants, related to the mobilities u by the 
Einstein relation 


D/p = kT /e (19) 
Using the neutrality condition x, = mo + mn, , subtracting (17) from (18) 


and integrating gives the equation of constancy of current, the generali- 


zation of (3): 


kT , , ON 


E[ (ue + wa)itn + be no) + — (ie — Hn) = j(/e. (20) 


Solving for E gives 


: = OnNp, 
i~ ie ~al 
. Ox 


E= 
e[ (ue + Ln) Mr + Ue Nol 


(21) 
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which can be substituted into (17) to give a differential equation for ), alone: 
On), ] 0 Lh My Ny R =) 

- —- ae = 7 
Ol € OX L (Me + Ma)itn + Me No T TT 


¢ (99) 
r ) ) ON; oo 
oa F (No + Zn) - 
: k1 oO ox 
r Mie . : 
e OX | (Me - Ea) TT Meteo 


The first term on the right represents drift, the second recombination, and 
the third diffusion. This holds whether 7 is constant in time or not. How- 
ever, as the remainder of this memorandum will be devoted to the case 
where the currents involved are held constant after their initiation, it will 
be convenient to simplify the notation by introducing a current-dependent 
scale for x and writing the equation in terms of the dimensionless variables 


vy = m/no,S = t/t, & = x/Equat = Xenope/Jurt (23) 
In terms of these (22) becomes simply 


= _ - v — 
Os O0&L1 + (1 + Un/me)v 


| 
| | 


Dp ? 
= On (24) 


9 2p) 
(‘) 0 (1 7 he 
is : ans 
) OEL.1 + (1 + pa/pe)y 


where R(v) = v(1 + v) for pure volume recombination, or = v for a surface 
recombination uninfluenced by the electron density, and where 
nh 2 2 1/2 
J = (kTe peno/pnt) 
os (25) 
= oo(kT/e unt) 
Numerically the characteristic field is, at 300°K, with uw, = 1700 cm?/v sec,” 


An 1/2 2 
(kT /eu,t)” = 3.90 (r/1ps) |” volts/cm (26) 


Note that the importance of the diffusion term in (24) goes down in- 
versely as the square of the current density used and inversely as the square 
of the recombination time; this is because an increase in the distance the 
holes travel decreases the distance they diffuse by decreasing the concen- 
tration gradient, and also makes a given diffusion distance less serious by 
comparison with the total distance traveled. Note also that, if ue = wy, 
JI\? Oy “ 
aoa? but that, if uw. * u,, the 


O¢ 


diffusion term is not a simple second derivative. 


the last term of (24) reduces simply to 


3G. L. Pearson, paper Q9 presented at the Washington Meeting of the American 
Physical Society, April 29, 1949. 
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4. SOLUTION INCLUDING RECOMBINATION BUT NEGLECTING DIFFUSION 
It is plausible to expect by analogy with Fig. 2 that (24) can be solved, 

neglecting the last term, by a similar construction in which the curve of 7, 
against x at time / is derived from that at time 0 by moving each point to 
the right along a descending curve, instead of along a horizontal line as be- 
fore. To show that this is indeed the case, and at the same time to show 
that the diffusion term cannot so easily be taken into account, let (24) be 
written, omitting its last term, as 

Ov OP 
- = —P(y) — — Riv) 

Os (eke 
where ® is just the translation into dimensionless variables of the velocity V 
encountered in (4). This can be converted into a differential equation for ¢ 


by writing 


s 
_ 2 Os], 
(* . 

(2) 


siednd 0& 
and multiplying through by : 
Ov) 


: RE ; 
S) = R(p) =) + (yp) (27) 
Oss, Ov) ; 


: dy 
or with w = [ 


Riv)’ 
OE OF i 
— — — = O(n) 
OSs OW 
ra] (: + [ « iw) 0 (« + | cp iw) 
=e _ : = () 
OSs OW 
whence the general solution is 
é = -| dw + f(s + w) (28) 


where / is an arbitrary function. If the same transformation is tried on (24) 
with the diffusion term retained, the equation corresponding to (27) has an 
additional term on the right containing a quotient of second and first deriva- 
tives of € with respect to v, and the simple explicit solution fails. 

To apply (28) to explicit calculation, or even to visualize it physically, it 
is necessary to determine the proper form of the arbitrary function f to fit 





ai 
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the boundary conditions of the problem. This is most conveniently done by 
introducing a family of curves as suggested by the analogy with Fig. 2. The 
analogy suggests that we should try to find curves in the v, € plane (the full 
curves of Fig. 4) such that a point can move along any one of them with 
velocity components 


dé dv 
—_ = P, -_ — —_ a 
4 ds 


The equation of any such curve is 


dé 
2 = —p/R 
dy 
or 
0 @D y 
E(v, vo) = / ate (29) 


where vp, the intercept of the curve on the y-axis, is taken as a parameter 
distinguishing the curve in question from others of the family. A point which 
starts at height v» on the y-axis at time s = O will reach height » at time 


avo dy 
s(v, vo) = | 7 (30) 
» 
Thus, after time s, the locus of all points which start at all the various 
heights vy will be the curve obtained by eliminating vy between (29) and 
(30) (shown dotted in Fig. 4+). That this curve is, in fact, of the form (28) 
and therefore a solution of the differential equation is easily seen by writing 
(29) and (30) in terms of integrals taken from some arbitrary but fixed 


aa 1) "odd 
E(v, vo) = -| ste +/ — 


PY dp p’° dp 
sly, vy) = -| R so | R° 


As vo is varied both the integrals with upper limit vp will vary, and either 


lower limit: 


can be expressed as a function of the other: 


ih os =f ({" 4 


which is identical with (28). 


whence 


Str 
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The equations (29) and (30) of course apply only to the portion of the 
curve of vy against € which is derived from starting points vp on the v axis 
which are less than the maximum value »; corresponding to the value mj 
given by (12): The points for vo < v; are merely initiated at time s = 0 and 
propagated by the differential equation from then on; the point vy = , 


€ = 0, on the other hand, remains a source at all times from the initiation 


of the injection onward. Thus the complete curve of v against & for any 


positive s follows the dotted construction of Fig. 4+ from the € axis up to 


¢ 
s 
where it intersects the full curve corresponding to v9 = », , after which it 








fax—~> 


Fig. 4—Schematic illustration of the method of constructing the curve of hole density 
n, against distance x from the injection electrode at some given time, taking account of 
recombination but neglecting diffusion. 


follows the latter curve, as indicated by the crosses in the figure. The steady- 
state distribution is thus simply the full curve for vp = 1. 

For explicit calculation for the case of pure volume recombination one 
must insert ® = 1/{[1 + (1 4+ pwy/m,)r]2, R = v(1 + v) into (29) and (30). 
The integrations are easily carried out and give 

LS Me/ Bh Vo 


ee rr a TS Eee 


jsame with v instead of vo] 


Vo v 


a oe on 
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For the case of a surface recombination uninfluenced by electron concen- 
tration one obtains similarly, with R = p: 


1 Vo 
t= — | 5 : 
, + (1+ p/n) 1+ (itm a 


— [same with v instead of vo] (31b) 


Vo 
sg =i (32b) 
V 


When u, Su, 2, as for germanium, (31a) and (31b) become respectively 


9, 1+ Sw “i 


Py 2 Vo 
(+g ” “t+ £ the 


— [same with pv instead of vol 


and 


1 Vy 
= ee 0 ee aa 


— [same with vy instead of vol (33b) 


These can also be written, using (32a) and (32b), 


1 + 5/3 1 + 5v/3 (1 + 5y/3)(1 + v0) 


5/2 5/2 5 (1 5/3)(1 
tf=s+ _ + 4 In | a “4 (34a) 


and 


. , y+ 3/5 1 1 34h) 
tit OL ee!” 6b ee So ee (34b) 


Figures 5a and 5b show as a full curve the plot of eq. (33a) for the case 
vy = &, and the full curve in Fig. 6 shows in the same way the plot of 
(33b) for v» = %*. Changing vy of course merely shifts either curve hori- 
zontaily. Note the very sharp increase of v for small &, which shows up in 
pronounced manner on the expanded scale of Fig. 5b. The corresponding 
values of s, computed from (32a) or (34a), are marked on the curve of Fig. 5; 
the corresponding marks on the curve of Fig. 6 also represent values of s at 
intervals of 0.2, but are not labeled with absolute values because (32b) is 
infinite for vw» = &. 

For large €, vy becomes very small and it becomes legitimate to expand the 
logarithms. The first few terms of the resulting asymptotic expression for & 
are, for vo = © and the recombination function leading to (31a), 


— 1) In (1 + pra/me) — (1 + pe/pn) — In v 


+ (3 + 2pn/me)v 
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Fig. 5—-Steady-state curve of hole density m, against distance x, for the case of ideal 
volume recombination (recombination rate = nan-/rmo), and asymptotic approximations 
to this curve. 
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while, for the recombination function leading to (31b), 
&~ — In(1 + w/e) — 1 — Inv + 211 + we /par)v (35b) 


In Figs. 5a and 6 the lower dotted curve represents the sum of the terms of 
(35a) or (35b) respectively as far as the term in In »: in this approximation 
the dependence of v on & is exponential. An exponential behavior of this 
sort 1s assumed in the small-signal theory of the modulation of the resistance 
of a filament of semiconductor by hole injection.‘ The upper dotted curve 
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Fig. 6--Steady-state curve of hole density m, against distance x, for the case of ideal 
surface recombination (recombination rate = m,/r), and asymptotic approximations to 
this curve. 


in Figs. 5a and 6 is a plot of (35a) or (35b), respectively, with the linear 


term included. It will be seen that in both figures the simple exponential 


approximation is already quite far off when vy = ny, my = O.1, though it 


improves rapidly for smaller v. 

Figure 7 shows a sample plot of v against & for the case of ideal volume 
recombination (eqs. (31a) etc.), fpr the numerical conditions s = 1, 1, = 0.3 
(cf Fig. 4). According to (12), whose validity at & = 0 is unimpaired by the 
occurrence of recombination, this value of 1 implies j, /. = 6.5. The left- 


‘W. Shockley, G. L. Pearson, and J. R. Haynes, Bell Sys. Tech. Jour., this issue. 
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hand portion of this curve is simply traced from Fig. 5, with a horizontal 
shift sufficient to give an intercept at vy = 0.3; the right-hand portion was 
constructed by placing the paper for Fig. 7 over that for Fig. 5, shifting 
horizontally until the point corresponding to one of the values of s marked 
on Fig. 5 lay on the axis of ordinates of Fig. 7, marking the position of the 
point labeled with one plus this value of s, and repeating. 
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Fig. 7—Variation of hole density m, with distance x at time f = 7 assuming na = 0.3 no 
recombination rate = nan,./Tno, and neglecting diffusion. . 


Figure 8 shows sample plots of v against s for the same case of ideal 
volume recombination, with v; = 0.3, for € = 0.5 and & = 1.0. Curves for 
a different »; would start out exactly the same, but rise higher. The rising 
portion of the’ curve for € = 0.5, for example, was constructed from the 
curve of Fig. 5a by locating various points (£, v) on the latter curve and 
associating with the v value of each such point a value of s equal to the 
difference of the s values marked on the curve of Fig. 5a for the two points 
abscissae & and (& — 0.5). As Fig. 5a was prepared entirely by slide rule, 
the accuracy is not all that can be desired; the individual computed points 
are shown to give an idea of the magnitude of the computational errors. 
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For convenience in future calculations the equations will be appended 
which correspond to (31) to (34) when, instead of m, , the field & is used as 
dependent variable in the differential equations. In terms of the dimension- 
less variable 

1 _ 
1+ v(l + pn/ue) 


and the parameter €) corresponding to vy = vo, the equations are, for ideal 
volume recombination (eqs. (31a) etc.), 


[ + pe/pndey — es In (: + S «) +In(i — «) | 
Mh Me 


-- [same with € instead of | 


= E/E) = (36) 


(1 — €) 


- In (38a) 
(1 ™ : :) 
Me 


The electrostatic potential U is 


U = -| Edx = — Ebusr [ ede 


In the steady state the relation between ¢€ and & is given by (37) with € 
(ue + wn) Je 
Mr (je + Je) 


set equal to « which, by (13), is 1 — . For this case 


f= ~Hur| a os [eae| 


— Fount Ee wn — 1) — €(1 + pe/pn)/2 (39a) 


—In(i —e) — a In (1 + o :) | + const. 
Uh 


Me 
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for ideal volume recombination; while, for the assumptions leading to eqs. 
(31b), etc. the relation is 


U = — Kens rle — €?/2 — In (1 — e€)] + const. (39b) 


Thus, in the steady state, the difference in potential between any two points 
to the right of x = 0 can be obtained by finding the values of € for these 
two points by (37), and then using these to evaluate the difference in the 
values of (39) at the two points. To the left of x = 0, of course, EF is constant 
and equal to j,/c. 


5. Dirrusion EFFECTS 
Diffusion will obviously be very important at small values of & = x/Eou,7 
when m is large, because of the tremendous concentration gradients which 


0.12 





i ] 1 | } | 

| | | 
1 

| 


+a eee! es om! eee + = ~ — 
| ; | 














1 
04 05 06 0.7 0.8 0.9 
SsS= 


Fig. 8—Transient behavior of m, with time at position x/Eo wit = 0.5 and 1.0, as- 
suming ma, = 0.3 mo and recombination rate = nyn-/TNo. 


Figs. 5 and 6 predict for such cases. Also, of course, diffusion will round off 
the discontinuities in slope which appear at the front and rear of the transient 
disturbance as in Fig. 7 and Fig. 8. At other points the importance of diffu- 
sion effects can be roughly estimated either by comparing the diffusion cur- 
rent with the drift current or by comparing the divergences of these two 
contributions to the current, i.e., the last and first terms on the right of (24). 
Referring to these terms in (24) we have 


diffusion sical _ 4] (1 + 2p) 4 
drift current ] v 0g 


div. diffusion current | _ (Z) 
div. drift current 7 


c av /a 
. c + (1+ pr/pedvl{1 + 22] fae! 
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For the steady-state curve approximate values of the expressions (40) and 
(41) can be computed by evaluating the derivatives of — with respect to v 
1000 
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400 + + + —— 
| 
| 
| 
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Fig. 9—Asymptotic magnitude of diffusion terms in the steady-state flux of holes, 
when j/J is large. 


from (29) or (31). For the case of ideal volume recombination with u,./u, = 
3/2 this gives, if the diffusion effects are not too large, 


= _ a (‘) (1 + v(t + 2v)(1 + Sr)? 


drift current ] 


- diffusion — . (‘) (1 + dp)"(1 + ABy + 210" + Ao). 
] 


div. drift current 
(43) 
These functions are plotted in Fig. 9. From this figure one can estimate 
roughly when diffusion will begin to have serious effects other than a slight 
rounding of the leading and trailing ends of the transient. For example, if 
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it is desired that the ratio (43) be less than about 0.1 in the Steady state 
for values of v as high as 0.3, the upper curve of Fig. 9 shows that the current 
4 0.1 


ie. 7 > 11.7 J, 
a 5 damit ential 


° P 
density used must be large enough to make ( 
J 


where J is given by (25) and (26). 

An approximate evaluation of (40) and (41) in the transient region can 
be performed by graphical or numerical differentiation of a curve such as 
that of Fig. 7. For example, a rough calculation based on Fig. 7 gives, in 
the middle of the transient portion (£ = 0.75), 


div. diffusion current | _ 3 4) 
div. drift current 7 <a 


More important and also more difficult to estimate is the effect of diffusion 
in rounding off the front and rear edges of the transient. Various ways can 
be devised to estimate a rough upper limit to the amount of rounding off 
to be expected. One such is to compute what the diffusive flux just behind 
the front of the advancing disturbance would be if the distribution of holes 
were the same as in the absence of diffusion. Under conditions where diffusion 
is not too serious the time integral of this diffusive flux between any two 
times can be equated to the increase in rounding of the front, as measured 
by the area between an ideal curve such as that of Fig. 7 and the actual 
curve of v against £ for the same time s. The integration cannot be extended 
back to time zero, however, since the integral of the flux diverges logarith- 
mically. The fact that the diffusive flux is actually finite instead of infinite 
of course arises from the fact that at small times the concentration gradient 
a short distance behind the front can no longer be approximated by the 
gradient which would obtain in the absence of diffusion, but instead is very 
much less. This suggests that an upper limit to the total diffusive flux passing 
into the region of the front from time 0 to time s can be obtained by taking 
the flux computed as described above between the times so and s, and adding 
to it the total number of holes which have left the injection electrode be- 
tween time 0 and time so. Since this gives an upper limit for any so, one 
may use the minimum of the resulting sum as So is varied. 

The results of some sample calculations of this sort are shown in Fig. 10, 
which refers to the same time, currents, and recombination function as Fig. 7, 
viz., s = U/r = 1.0, je/ja = 2/13, ideal volume recombination. The full 
curve is the transient portion of Fig. 7 replotted on a larger scale. The lower 
dotted curve is a curve drawn in by hand in such a way as to make the 
area between it and the full curve equal the upper limit computed in the 
manner just described, for the case 7 = 100J/. The upper curve was drawn 
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similarly for 7 = 31.6/. Since the true curve of v against & must lie between 
the dotted curve and the full curve in each case, it can be concluded that 
for times and current ratios of this order the diffusionless theory of Section 4 
gives a useful approximation to the transient when j > 100/. At the other 
end, it seems likely that for 7 < 10/ the theory of Section 4 has no quantita- 
tive utility at all in the transient region. 

When diffusion effects are sufficiently great, account must also be taken 
of the fact that the boundary conditions at the injection electrode (x = 0) 


0.10 
























































é = x 
Eo Mp7 
Fig. 10—Approximate magnitudes of the rounding of the front by diffusion for various 
values of j/J, for the case t = 1, j-/Ja = 2/13, ideal volume recombination. Ordinate is 
proportional to hole density, abscissa to distance from injection electrode. 


take a different form from those in the absence of diffusion. In the absence 
of diffusion and with the assumption that only holes are injected at x = 0, 
the current just to the right of x = O must consist of a contribution j, from 
holes and a contribution j, from electrons, while the current just to the left 
of x = 0 is purely electronic and of magnitude j, . This implies, as we have 
seen in Section 2, that the hole density be discontinuous, with the value »); 
given by (12) just to the right of x = 0, and the value zero just to the left. 
But if diffusion is allowed, the hole density must be continuous. For the 
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idealized case where holes are injected on the plane x = 0 and no electrons 
are removed there, the equations to be satisfied are 


he: INe 
D, i en eee « + tye pe 
Ox J + 


Ov 


Ip , , Onn, , . 
— J), ae + ape, = ae Dy, : + apn k (45) 
c = i ee 


OF J 4. 3 


— Di (2) + (neue + maoun)E_ = je/e (46) 
Ox 

where subscripts + and — refer to conditions just to the right of x = 0 
and just to the left, respectively. Using the neutrality condition m,. = no + mp 

: . ; On), - 
these are three equations for the five unknowns 9? Fy ,n,. To complete 
the determination of these quantities the differential equation (22) must be 
solved and the boundary conditions imposed that n, — 0 as * —~ + «=. 
Actually the problem of estimating conditions at x = 0 may not be quite 
as formidable as the preceding paragraph suggests, at least if the diffusion 
parameter J/j is reasonably small and if jj, is also not too large. For such 
cases the “upstream diffusion” of holes into the region of negative x will 
probably reach a steady state in a very short time. Solutions of the steady 
state differential equation in this region have been obtained numerically by 
W. van Roosbroeck (unpublished). Such solutions will give one relation be- 

On), 


tween 72), and - ; another relation, in the form of a fairly narrow range 
OX ‘ 


a ae ; , On, si 
of limits, is provided by the fact that ; will under these conditions be 
OX J + 


af On ; Mies 
<K[ - , being in fact probably somewhere between zero and the value 
Ox . 


for the ciffusionless case with the same value of my) . 

Qf course, if the mathematical solution for this one-dimensional idealiza- 
tion is to be applied to a case where holes are injected into a filament by a 
pointed electrode on its boundary, little meaning can be attached to vari- 
ations in the 2, of the mathematical solution within a range of x values 
smaller than the diameter of the filament. 


6. SUMMARY AND DIscuSSION 
There are three principal factors which limit the range of conditions 
within which the present theory provides a useful approximation to the 
transient behavior of a, as a function of ¢ and x. These are diffusion, trap 
ping, and departure from one-dimensional geometry. If the geometry is 
sufficiently nearly one-dimensional and trapping is negligible, the discussion 
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of Section 5 shows that the theory of Section 4, with its neglect of diffusion, 
will give a useful approximation to the truth whenever the field in which 
the holes migrate is sufficiently strong —e.g., strong enough to make the 
current density 7 > 100 /, where J is given by (25) and (26). The obtaining 
of “sufficiently strong” fields without excessive heating or other undesirable 
effects is facilitated by the use of specimens with as long a recombination 
time 7 as possible, and by the use of specimens of low conductivity. How- 
ever, it is hard to say how low the conductivity can be made without danger 
that the “no trapping” assumption will break down, since for this assumption 
to be valid the density of hole traps must be < the density of donors. 

The numerical predictions of the theory depend upon the way in which 
the rate of recombination is assumed to depend upon the concentrations of 
electrons and holes, i.e., upon the form of the function R(v) introduced in 
(17) and (18). The full curves of Figs. 5 and 6 give the steady-state depend- 
ence of 2, on x for two simple assumptions regarding R(v), the dependence 
corresponding to any given boundary value m),; at x = 0 being simply ob- 
tained by a suitable horizontal shift of the curve plotted. When the currents 
are held constant after their initiation, the auxiliary time scale in these 
figures can be used to construct the transient disturbance at any time, by 
the methods described in connection with the examples of Figs. 7 and 8. 

These results should hold for a plane-parallel arrangement of electrodes or, 
to a good approximation, for electrodes placed along the length of a narrow 
filament, provided the 1, appearing in the equations is interpreted as a cross- 
sectional average of the hole density and provided the other assumptions 
given in Section 1 are fulfilled. It is easy to see, however, that practically 
the same equations apply to cases of cylindrical or spherical geometry, in 


the approximation where diffusion is neglected. For, in these cases, the 


a] 1¢ 
original equations (17) and (18) merely have .~ (---) replaced by ~ = (r -- -) 
. Ox “ror 
1 o@ 


Oro» (r? ---); if the diffusion terms are neglected the solution is the same 
r- or 


as before with x replaced by r°? 2 (cylindrical case) or r°/3 (spherical case) 
and with 7 replaced by // 22d (cylindrical case, d = thickness of sample, 
/ = total current) or by / 4m (spherical case). However, it may be difficult 
to realize experimentally conditions approximating cylindrical or spherical 
geometry which satisfy the requirement that diffusion effects be small. 
Another generalization which is easily made is the removal of the assump- 
tion that no electrons are withdrawn by the electrode at « = 0. As far as 
conditions to the right of « = O are concerned (Fig. 1), the only change 
required in the diffusionless theory is to interpret j, as the current density 
leaving the emitter electrode in the form of holes, rather than as the total 
current from the emitter electrode, and to interpret j, as the sum of the 
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current leaving the emitter electrode in the form of electrons and any current 
to the left of « = 0. 

It should also be clear that the entire analysis of this paper, though it has 
for definiteness been formulated for the case where holes are injected into an 
excess semiconductor, applies just as well to any case where electrons can 
be injected into a defect semiconductor. For the latter case it is merely 
necessary to interchange the subscripts e and / in the formulas. Though the 
types of experiments discussed in this paper have to date only been reported 
for n-type germanium, the occurrence of similar phenomena in p-type speci- 
mens is indicated by the successful use of such specimens in transistors.° 

An interesting and possibly quite useful phenomenon should occur when, 
after establishment of a steady state, the current j, is suddenly turned off. 
There will result a transient disturbance propagated in the direction of in- 
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Fig. 11—Schematic variation of hole density m, with distance x, illustrating formation 
of a shock wave by quickly decreasing j,. to zero, for the case where 7 = j- + ja is kept 
constant. 

(a) Immediately after reduction of j, to zero. 

(b) Later time. 


creasing x, which is very much like a shock wave in a gas. This, the most 
interesting feature of the phenomenon, will occur regardless of whether j. 
remains constant when j, is cut off; however, the simplest example for il- 
lustrative purposes is the case where j, is increased by the amount /, at the 
instant when the latter is cut off, so that 7 remains constant. For this case, 
illustrated in Fig. 11, the values of m, ahead of the advancing front will 
remain the same at each point as in the previous steady state. Just behind 
the front, , must drop abruptly to zero. If 7/J is large, where J is given 


by (25), the drop will be extremely sharp. For the change in the form of the 


front with time is compounded out of diffusion and propagation with variable 
velocity along descending curves, as shown schematically in Fig. 4. Since 
the latter propagation involves a more rapid motion to the right, the smaller 
n,, it tends to steepen the front, and this steepening must continue until 


°W. G. Pfann and J. H. Scaff, paper presented at the Cambridge Meeting of the Ameri- 
can Physical Society, June 16-18, 1949. 
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the diffusive spreading becomes sufficient to counterbalance it. It is not 
necessary, for the production of a steep front of this kind, that the decrease 
of j- to zero be brought about with corresponding rapidity; even a gradual 


decrease of j, will lead to a front which becomes steeper as it advances, 
and if the decrease of j, is not too gradual a “‘shock front”’ will have devel- 
oped after a short distance. The order of magnitude of the “shock front 
thickness” can be estimated by finding the value of the time A/ for which 
the diffusion distance Ary = (2D A 1)'” equals the difference Axy between 
the drift distances of the holes at the top and bottom of the front, ie., 
Axy = [V(O) — V(m,)|At, where: V is given by (4) and m, is the height of 
the front. For this value of Af, 


Azxp = 2D [V(O) — V (n,)] (48) 


and this is presumably of the order of magnitude of the thickness of the 
front. If D is interpreted as D, = kTy,/e, which is good enough for the 
present purpose, this gives 


2kT 


‘= ‘ = ‘AQ ) 
a" [ fi 1 la 4) 
1 + v(1 + Kh; Me) 


Of course, this extremely sharp front can be realized only when the condi- 
tions of one-dimensional geometry are accurately fulfilled. When the geome- 
try is made sufficiently ideal, observation of the thickness of the “shock 
front” can provide a valuable check on the validity of the basic assumptions 
of the theory such as the neglect of trapping.® 


The author would like to express his indebtedness to many of his col- 
leagues, and especially to J. Bardeen, J. R. Haynes, and W. van Roosbroeck, 
for many illuminating discussions of the topics covered in this paper. 

6 The accompanying paper by W. Shockley, G. L. Pearson and J. R. Haynes describes 


some observations of this shock wave effect, though under conditions where vy < 1, so 
that the thickness of the front as given by (49) is still fairly large. 





On the Theory of the A-C. Impedance of a Contact Rectifier 
By J. BARDEEN 


HE a-c. impedance of the rectifying contact between a netal and a 

semiconductor is measured by superimposing a small a-c. current on 
a d-c. bias current. It is generally recognized' that an equivalent circuit 
consists of a parallel resistance and capacitance in series with a resistance 
as shown in Fig. 1. The parallel components represent the impedance of 
the barrier layer itself and depend on the d-c. bias current flowing. The 
series resistance is that of the body of the semiconductor. It has been shown 
theoretically by Spenke® that under quite general conditions the parallel 
capacitance and resistance are independent of frequency. Unfortunately 
Spenke’s proof is highly mathematical and is also not readily available. 
The derivation of the impedance relations which is presented here is in 
some ways more general and gives more physical insight into the problem. 

The method of analysis which is used is similar to that employed by Miss 
C. C. Dilworth’ for the d-c. case. Except for some obvious differences in 
sign, the theory is the same for n- and p-type semiconductors.* We give 
the theory for the latter because the signs are a little simpler for positively 
charged holes than for negatively charged conduction electrons. Before 
the discusssion of the theory of the a-c. impedance, a brief outline of Schott- 
ky’s theory of the barrier layer will be given. 

A rough schematic energy level diagram, based on Schottky’s theory of 
the barrier layer at a contact between a metal and a p-type semiconductor, 
is illustrated in Fig. 2. The diagram is plotted upside down from the usual 
one in order to show the energy of holes increasing upward. The energy of 
electrons increases downward. In a defect or p-type semiconductor, such 


as CuO, electrons are thermally excited to acceptor levels, charging the 


acceptors negatively, and leaving missing electrons or holes in the filled 
band. The holes are mobile and provide the conductivity. Electron states 
with energies lying above the Fermi level in the diagram, corresponding to 
lower energies for electrons, have a probability of more than one-half of 


1 For an outline of the theory of contact rectifiers together with references to the earlier 
literature, see H. C. Torrey and C. A. Whitmer, “Crystal Rectifiers,” McGraw-Hill Book 
Company, Inc., New York, New York (1948). 

2 Eberhard Spenke, Wiss. Veroff. Siemen’s Konzern, 20, 40 (1941). 

$C. C. Dilworth, Proc. Phys. Soc. London, 60, 315 (1947). A similar method was used 
earlier by H. A. Kramers, Physica 1, 284 (1940), in a discussion of the diffusion of particles 
over potential barriers. 

‘We suppose that only one type of carrier takes part in conduction. 
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Cc 
Fig. 1—Equivalent circuit for contact rectifier. The parallel components R and C repre- 
sent the barrier layer itself and R, represents the resistance of the body of the semicon- 
ductor. 
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Fig. 2--Schematic energy level diagram of p-type semiconductor in contact with a 
metal. The diagram is plotted upside down from the usual way in order to show the energy 
of holes increasing upward. The energy of electrons increases downward. The lower diagram 
gives the density of charge in the barrier layer. In the body of the semiconductor the space 
charge of the holes is compensated by the space charge of the negatively charged acceptor 
ions. Holes are drained out of the barrier layer by the electric field, leaving the negative 
space charge of the acceptors. The rise in electrostatic potential in the barrier region re 
sults from this negative space charge together with the compensating positive charge 
on the metal. The capacitance of the barrier layer is approximately that of a parallel 
plate condenser with plate separation ¢. 
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being occupied by electrons; those below the Fermi level are most likely 


unoccupied. Holes are depleted from the barrier layer, leaving the negative 
space charge of the acceptors. This negative space charge, together with 
the compensating positive charge on the metal, gives the potential energy 
barrier which impedes the flow of holes from semiconductor to metal. The 
thickness of the barrier layer may vary from 10~ to 10-4 cm, depending on 
the materials forming the contact. 

In drawing the diagram of Fig. 2 it has been assumed for simplicity that 
the concentration of acceptors is uniform over the region of interest. In the 
main body of the semiconductor only a few of the acceptors are charged. 
Throughout a large part of the barrier layer practically all acceptors are 
negatively charged and there are very few holes in the filled band. This 
part of the barrier layer has been called by Schottky the exhaustion region 
and is in our case a region of uniform space charge, as shown in the lower 
diagram of Fig. 2. The transition zone in which the concentration of holes 
is decreasing and the concentration of charged acceptors is increasing is 
called the reserve region. 

In thermal equilibrium, with no applied volatge, the potential drop across 
the barrier layer, V;,, may be a fraction of a volt. If a voltage is applied in 
such a direction as to make the semiconductor positive relative to the metal, 
the effective height of the barrier is reduced and holes flow more easily 
from the semiconductor to the metal. This is the direction of easy flow. If 
a voltage is applied in the opposite direction the height of the barrier is 
increased for holes going from semiconductor to metal and remains un- 
changed, to a first approximation, for holes going from metal to semiconduc- 
tor (actually electrons going from the filled band of the semiconductor to 
the metal). This is the reverse or high resistance direction. 

If a voltage is applied in the reverse direction, and equilibrium is estab- 
lished, the thickness of the exhaustion layer increases. The reserve region 
keeps the same form but moves outward from the metal. A forward voltage 
decreases the thickness of the space charge layer. 

The change in charge density corresponding to a small reverse voltage is 
shown schematically by the curve marked 6Q in the lower diagram of 
Fig. 2. The maximum of 6Q occurs where the total charge density is changing 
most rapidly with distance. If / is the distance from the metal to this maxi- 
mum, the effective capacitance C, is approximately that of a parallel plate 
condenser with plate separation / and with the dielectric constant of the 
medium equal to that of the semiconductor. The capacitance decreases as / 
increases with a d-c. bias applied in the reverse direction and the capaci- 
tance increases with forward bias. Schottky® has shown that information 


® Walter Schottky, Zeits f. Phys. 118, 539 (1942) 
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about the concentrations of donors and acceptors can be obtained from the 
rariation of capacitance with bias. 

In the equivalent circuit of Fig. 1 the capacitance C is in parallel with the 
differential resistance, R, of the contact, and the parallel components are 
in series with the resistance R, of the body of the semiconductor. Spenke 


showed that R and C are independent of frequency if the frequency is low 
enough so that the charge density is in equilibrium during the course of a 
cycle. 

If the applied voltage is suddenly changed, it will take time for the charges 
to adjust to new equilibrium values. The time constant for the readjustment 
of charge of the carriers (holes in this case) is xp/4, where p is the resistiv- 
ity (in e.s.u.) of the body of the semiconductor and « is the dielectric constant, 
and is ~ 107" sec. for a resistivity of 100 ohm cm. Even if a larger value 
of p is used, corresponding to a point in the reserve layer, the relaxation 
time for the carriers is very short.’ A much longer time may be required 
for readjustment of charge on the donor or acceptor ions, giving a varia- 
tion of R and C at lower frequencies. If the barrier is nonuniform over the 
contact area, so that much of the current flows through low-resistance 
patches, the equivalent circuit may consist of a number of circuits like 
those of Fig. 1 in parallel. In this case, if an attempt is made to represent 
the contact by a single circuit of this form, it will be found that R and C 
vary with frequency. 

The derivation of the current voltage characteristic for the general case 
of a time dependent applied voltage follows. The total current per unif 
area is the sum of contributions from conduction, diffusion, and displace- 
ment currents: 


I(t) = cE — eD(an/dx) + (x/4r)(0E/21), (1) 
where 
n(x,t) = concentration of holes; 
o = n(x,l)eu is the conductivity; 
e = magnitude of electronic charge; 


uw = mobility of holes; 
D = pkT/e = diffusion coetticient; 
V(«,0) = electrical potential; 
E(x,t) = — 0V(x,t)/dx = electric field strength. 
The coordinate x extends into the semiconductor from the junction. Equa- 
tion (1) may be written in the form 
I(t) = neu(—OV/dx) — pkT(dn/dx) — (x/4r)(0°V/dx01) (1’) 


6 Another limit is the transit time of carriers through the barrier layer. This time is 
generally shorter than the relaxation time of the semiconductor. 
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The potential V is determined from the charge density, g, by Poisson’s 
equation 


OV /dxe = —41q/k. (2) 


Since the charge density may be expressed in terms of n(x,/) and the 
density of fixed charge, these two equations may be used to determine x 
and V when /(¢) is specified. Spenke eliminates the potential V between 
(1) and (2) and gets a rather complicated equation for n. We prefer to deal 
with Eq. (1) directly, to treat the potential V(x,/) as a known function, and 
to solve for the concentration, m(x,/). 

The plane x = 0 is taken at the interface between metal and semiconduc- 
tor and the plane « = .x just beyond the barrier layer in the semiconductor. 
It is assumed that V = Oat x = x. Under thermal equilibrium conditions, 
with no current flowing, the hole concentration in the barrier layer varies 
as exp (—eV/kT), taking the values: 


n=nalx = x (3a) 
N= Nm = No exp (—eV,,/RT) at x = O, (3b) 


where n, is the equilibrium concentration in the body of the semiconductor 
and V,, is the height of the potential barrier. We suppose that the boundary 
conditions (3a) and (3b) also hold when a current is flowing and when there 
is an additional voltage, Va, across the barrier layer. Our procedure is to 
solve Eq. (1) for n(x,), with V(x,t) assumed known, and then to determine 
/(/) in such a way that the boundary conditions are satisfied. The solution 
of Eq. (1) which satisfies (3b) is: 


eee ae [ ck OV’ 
(. he t — i xX =——_ _ J a k _— a " . 
n(x, 1) = no exp[—e(I )/kT) akT Sh (1 + du ax’ “ 
exple(V’ — V)/kT] dx’ (A) 


The prime indicates that the variable is x’ rather than x. At x = 0, V is 
the sum of V,, and the applied potential, Va: 

V=Vi.+V,atx=0 (5) 
The current /(/) is determined in such a way that (3a) is satistied. Setting 
x = 41, using (3a), and solving the resulting equation for /(/), we get: 


. 


ukT|noexp(eVa/kT) — no exp(eV/kT)| -| es a exp(eV’/k7) dx’ 
0 47 Ox’ dl 
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ie) = 
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exp(eV’/kT) dx’ 


(6) 
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Provided that the barrier height, V, + Va, isas much as several times k7/e,’ 
the integrand in both integrals is largest near x = 0 and drops rapidly with 
increase in x. Where the integrand is large we may write to a sufficient ap- 
proximation: 


V = Vat Va — Fx, (7) 


where /* is the field in the semiconductor at the interface. The approxima- 
tion (7) may be used if k7/eF is small compared with the thickness of the 
barrier layer. The value of 6°V//0x0t is nearly constant over the important 
part of the integration and may be replaced by its value at « = O and taken 
out of the integral. The upper limit 1; may be replaced by ~ without ap- 
preciable error, so that we get finally: 


I(t) = In(Q)(l — exp [—eVa/kT]) + 00/00, (8) 
where 
Tn(Q) = (4re w Q ne/k) exp [—eVn/ RT| (9) 
and 
QO = kk /4r (10) 


is the surface charge density at the metal interface. 

The current /,,(Q) has a simple interpretation; it is just the conduction 
current in the semiconductor at the interface resulting from the field F. 
In equilibrium, this conduction current is balanced by a diffusion current 
of equal magnitude and opposite sign. A voltage V, applied in the reverse 
direction reduces the diffusion current at the interface as compared with 
the conduction current by the factor exp [—eVa/k7]. The current 0Q/0/ 
is the displacement current at the interface. 

Actually, the diffusion theory as given above is not complete. The Schottky 
effect, the lowering of the barrier by the image force, has been neglected. 
There may be appreciable tunneling through the barrier. There may be a 
patch field resulting from nonuniformity of the barrier. If the variations 
in the patch fields are not too large, the modification of current resulting 
from these factors depends only on the field at the metal and not on the 
form of the barrier at some distance from the metal. Thus we may expect 
the form (8) to be generally valid if /, (Q) is considered to be a general 
function of QV. Equation (10) is also of the form to be expected from the diode 
theory.! In the latter case, /,,(Q) is the thermionic emission current from 
metal to semiconductor. 

If the current is varying in time it is the instantaneous value of ( at 


’ The value of kT/e at room temperature is .025 volts. 
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time ¢ which is to be used in Eq. (10). At high frequencies, the charge at 
the interface need not be in phase with the applied voltage. If the frequency 
is low enough so that the charges maintain their equilibrium values during 
the course of a cycle, Q will be in phase with V and the parallel capacitance 
for unit area is simply: 


C = dQ/dV. (12) 


The barrier layer may be represented by this capacitance in parallel with 
the d-c. differential resistance, R. 

Both Rand C may depend on the d-c. bias current flowing. Variations of 
R and C with frequency at moderate frequencies may result from large scale 
nonuniformities of the barrier such that the patch fields extend over a large 
fraction of the thickness of the barrier layer or from charge relaxation times 
associated with acceptors, donors or trapped carriers. At low frequencies, 
drift of ions may be involved. 

Attempts which have been made to determine the variation of resistivity 
in the barrier layer from impedance data are invalid. It is not correct to 
tike the impedance of an element of thickness dv to be 


dx/{a(x) + (jox/41)] 


and integrate over dx to obtain the impedance of the layer. This procedure 
omits terms arising from diffusion and changes of concentration in time. 
It is possible to obtain an integral of Eq. (1’) if both sides are divided by 
neu. Integrating over x from « = 0 to x = x, and using the boundary condi- 
tions (3a), (3b) and (5), we get 


y= [EO + WANE V/axa) yy (13) 


/0 New 
which means that the integral of the conduction current over the conduc- 
tivity gives the applied voltage. This is consistent with the representation 
of the barrier by a resistance and capacitance in parallel. 
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The Theory of p-x Junctions in Semiconductors and p-n 
Junction Transistors 


By W. SHOCKLEY 


In a single crystal of semiconductor the impurity concentration may vary 
from p-type to n-type producing a mechanically continuous rectifying junction. 
The theory of potential distribution and rectification for p-n junctions is developed 
with emphasis on germanium. The currents across the junction are carried by 
the diffusion of holes in n-type material and electrons in p-type material, re- 
sulting in an admittance for a simple case varying as (1 + iwr,)'/? where 7, is the 
lifetime of a hole in the n-region. Contact potentials across p-n junctions, carry 
ing no current, may develop when hole or electron injection occurs. The principles 
and theory of a p-n-p transistor are described. 
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4. 


1. INTRODUCTION 


S IS well known, silicon and germanium may be either n-type or 
p-type semiconductors, depending on which of the concentrations 

Na of donors or N, of acceptors, is the larger. If, in a single sample, there 
is a transition from one type to the other, a rectifying photosensitive p-n 
junction is formed.’ The theory of such junctions is in contrast to those 
1 For a review of work on silicon and germanium during the war see H. C. Torrey and 
C. A. Whitmer, Crystal Rectifiers, McGraw-Hill Book Company, Inc., New York (1948). 
P-n junctions were investigated before the war at Bell Telephone Laboratories by R. S. 
Ohl. Werk on /p-n junctions in germanium has been published by the group at Purdue 
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of ordinary rectifying junctions because, on both sides of the junction, 
both electron flow and hole flow must be considered. In fact, a major 
portion of the hole current may persist into the n-type region and vice- 
versa. In later sections we show how this feature has a number of inter- 
esting consequences, which we shall describe briefly in this introduction. 

A p-n junction may act as an emitter in the transistor sense, since it can 
inject hole current into n-type material. The a-c. impedance of a p-n junc- 
tion may exhibit a frequency dependence characterized by this diffusion 
of holes and of electrons. For high frequencies the admittance varies ap- 
proximately as (¢w)'/? and has comparable real and imaginary parts. When 
a p-n junction makes contact to a piece of n-type material containing a high 
concentration of injected holes, it acts like a semipermeable membrane and 
tends to come to a potential which corresponds to the hole concentration. 

Although some results can be derived which are valid for all p-n junctions, 
the diversity of possible situations is so great and the solution of the equa- 
tions so involved that it is necessary to illustrate them by using a number 
of special cases as examples. In general we shall consider cases in which the 
semiconductor may be classified into three parts, as shown in Fig. 1. The 
meaning of the transition region will become clearer in later sections; in 
general it extends far enough to either side of the point at which Vy — V, = 0 
so that the value of |.V, — .V, | at its boundaries is not much smaller than 
in the low resistance parts of the specimen. As stated above, appreciable 
hole currents may flow into the n-region beyond the transition region. For 
this reason, the rectification process is not restricted to the transition region 
alone. We shall use the word junction to include all the material near the 
transition region in which significant contributions to the rectification 
process occur. It has been found that various techniques may be employed 
to make nonrectifying metallic contacts to the germanium; when this is 
properly done, the resistance measured between the metal terminals in a 
suitably proportioned specimen is due almost entirely to the rectifying 
junction up to current densities of 107' amp/cm?. 
directed by K. Lark-Horovitz: S. Benzer, Phys. Rev. 72, 1267 (1947); M. Becker and 
H. Y. Fan, Phys. Rev. 75, 1631 (1949); and H. Y. Fan, Phys. Rev. 75, 1631 (1949). Similar 
junctions occur in lead sulfide according to L. Sosnowski, J. Starkiewicz and O. Simpson, 
Nature 159, 818 (1947), L. Sosnowski, Piiys. Rev. 72, 641 (1947), and L. Sosnowski, B. 
W. Socle and J. Starkiewicz, Nature 160, 471 (1947). The theory described here has been 
discussed in connection with photoelectric effects in p-m junctions by F. S. Goucher, 
Meeting of the American Physical Society, Cleveland, March 10-12, 1949 and by W. 
Shockley, G. L. Pearson and M. Sparks. Phys. Rev. 76, 180 (1949). Fer a general review 
of ccnductivity in p- and n-type silicon see G. L. Pearson and J. Bardeen, Pirys. Rev. 75, 
865 (1949), and J. H. Scaff, H. C. Theuerer and FE. E. Schumacher, J/. of Metals, 185. 
383 (1949) and W. G. Pfann and J. H. Scaff, J/. of Metals, 185, 389 (1949). The latter 
two papers also discuss photo-voltaic barriers. The most recent and thorough theory for 


frequency effects in metal semiconductor rectifiers is given elsewhere in this issue (J. 
Bardeen, Bell Sys. Tech. Jl., July 1949). 
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Even for distributions of impurities as simple as those shown in part (b) 
there are two distinctly different types of behavior of the electrostatic po- 
tential in the transition region, each of which may be either rectifying or 
nonrectifying. The requirement that the junction be rectifying can be stated 
in terms of the current distribution, certain cases of which are shown in (c). 
The total current, from left to right, is 7, the hole and electron currents being 
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DISTANCE THROUGH SAMPLE, X*=——-> 
Fig. 1-—-The p-n junction. 
(a) Schematic view of specimen, showing non-rectifving end contacts and convention 
for polarities of current and voltage. 
(b) Distribution of donors and acceptors. 
c) Three possible current distributions 


/, and J,, with J = 7, + /,. Well away from the junction in the p-type 


material, substantially all of the current is carried by holes and J, = /; 
similarly, deep in the n-type material /, = / and J, = 0. In general in a 


nonrectifying junction, the hole current does not penetrate the n-type ma- 
terial appreciably whereas in the rectifying junction it does. Under some 
conditions the major flow across the junction will consist of holes; such 
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cases are advantageous as emitters in transistor applications using n-type 
material for the base. : 

Where the hole current flows in relatively low resistance n-type material, 
it is governed by the diffusion equation and the concentration falls off as 
exp(—./L,) where L, is the diffusion length: 


L = VDr,. 


Here D is the diffusion constant for holes and 7, their mean lifetime. The 
lifetime may be controlled either by surface recombination’ or volume re- 
combination. Surface recombination is important if the specimen has a 
narrow cross-section. 

Under a-c. conditions, the diffusion current acquires a reactive component 
corresponding to a capacity. In addition, a capacitative current is required 
to produce the changing potential distribution in the transition region 
itself. 

In the following sections we shall consider the behavior of the junction 
analytically, treating first the potential distribution in the transition region 
and the charges required change the voltage across it ina pseudo-equilibrium 
case. We shall then consider d-c. rectification and a-c. admittance. 


2. POTENTIAL DISTRIBUTION AND CAPACITY OF TRANSITION REGION 


2.1 Introduction and Definitions 


We shall suppose in this treatment that all donors and acceptors are 
ionized (a good approximation for Ge at room temperature) so that we have 
to deal with four densities as follows: 


n = density of electrons in conduction band 
p = density of holes in valence-bond band 
Nz = density of donors 
\V, = density of acceptors 
The total charge density is 


p=q(p—n+Na— N,), (2.1) 
a 

where g is the electronic charge. We shall measure electrostatic potential 
y in the crystal, as shown in Fig. 2, from such a point, approximately’ mid- 
way in the energy gap, that if the Fermi level ¢ is equal to y, the concentra- 
tions of holes and electrons are equal to the concentration n; = p, char- 

2H. Suhl and W. Shockley Phys. Rev. 75 1617 (1949). 
3 A difference in effective masses for holes and electrons will cause a shift of y from the 
midpoint between the bands. 
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Fig. 2—Electrostatic potential y, Fermi level ¢ and quasi Fermi levels ¢, and ¢n. 
(In order to show electrostatic potential and energies on the same ordinates, the ener 
gies of holes, which are minus the energies of electrons, are plotted upwards in the figures 
in this paper.) 


acteristic of a pure sample. For an impurity semi-conductor we shall have, 
as shown in (b), 
a(g—p)/kT 


= nye a 
p a (a) (22) 
sane, (b) 
where g is the electronic charge. Accordingly, 
p = gina — Nu + 2n; sinh [ge — y)/RT]}. (2.3) 


When the hole and electron concentrations do not have their equilibrium 
values, because of hole or electron injection or production of hole-electron 
pairs by light, etc., it is advantageous to define two non-equilibrium quasi 
Fermi levels ¢, and ¢, by the equations 

a(ep—W)/kT 
p=neror" (a) 
(2.4) 
(Y—en) /kT . 
n=ne" (b) 


as indicated in Fig. 2 (c). In terms of ¢, and ¢,, the hole and electron cur- 
rents take the simple forms: 


I, = —q|DVp + upVY] = —qupVep | 
I, = bqg[DVn — wnVy] = —qbunVe,, (2.6) 


Nm 
oy 
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where the mobility u and diffusion constant D for holes are related by Ein- 
stein’s equation 


a= gD/kT ( 


to 
“I 
— 


and 6 is the ratio of electron mobility to hole mobility.’ 

Under equilibrium conditions ¢, = ¢, = ¢ where ¢ is independent of 
position. Under those conditions, 7, and /, are both zero according to equa- 
tions (2.5) and (2.6). The electrostatic potential y, however, will not in 
general be constant and there will be unbalanced charge densities throughout 
the semiconductor. We shall consider the nature of the conditions which 
determine y for a general case and will later treat in detail the behavior of 
Wy for p-n junctions. 

For equilibrium conditions, there is no loss in generality in setting ¢ 
arbitrarily equal to zero. The charge density expression (2.3) may then be 
rewritten as 


p = pa — p; sinh u (2.8) 
where 
u = qy/kT, p; = 2nq, pa = Q(Na — No) (2.9) 


In equation (2.8) py and wand, consequently, p may be functions of position. 
The potential Y must satisfy Poisson’s equation which leads tothe equation 


9 


Vw = —4p/k (2.10) 


where « is the dielectric constant, (2.10) can be rewritten as 


Vu = id (sin a (2.11) 
kT Pi 


What this equation requires in physical terms is that the electrostatic po- 
tential produces through (2.8) just such a total charge density p that this 
charge density, when used in Poisson’s Equation (2.10), in turn produces 
y. It seems intuitively evident that the equation for w will always have a 
physically meaningful solution; no matter how the charge density p, due 
to the impurities varies with position, the holes and electrons should be 
able to distribute themselves so that equilibrium is produced. For a 
one-dimensional case, it is not difficult to prove that a unique solution exists 
for u(x) for any pa(x) (Appendix VII). 


' We prefer 6 in comparison toc for this ratio since c for the speed of light also occurs in 
formulae involving 6. 
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The coefficient in (2.11) has the dimensions of (length) leading us to 
define a quantity 


Lp = V kT /4rgp; = V kT /8rq?n, 


= 2.1 X 10° cm for Si with « = 12.52 ”;= 210° cm’ (2.12) 


= 6.8 X 10° cm for Ge with x = 19, ; = 3 X 10% cm 


where the subscript D for Debye emphasizes the similarity of Ly to the char- 
acteristic length in the Debye-Hiickel theory of strong electrolytes. The 
meaning of the Debye length is apparent from the behavior of the solution 
in a region where pz is constant, and w differs only slightly from the value 
uo Which gives neutrality, with p; sinh wp = pa. Under these conditions, 


du 


a (Lp cosh to) (tt — uo) (2.13) 
ax” 


so that # — uo varies as exp (+ xV/ cosh m/l»). In general, we shall be in- 
terested in cases in which the deviation of « from uo decays to a small value 
in one direction. It is evident that the distance required to reduce the devia- 
tion to 1/e is Lp/ VY cosh wm. If only small variations in py occur within a dis- 
tance Ly» cosh m, then the semiconductor will be substantially neutral. 
However, if a large variation of p, occurs in this distance, a region of local 
space charge, will occur. These two cases are illustrated in connection with 
the potential distribution in a p-n junction. 


2.2 Potential Distribution in the Transition Region’ 


We shall discuss the case shown in Fig. 1 for which the charge density 
due to donors and acceptors is given by 


Vu — Ne = ar (2.14) 


This relationship defines a characteristic length 1, given by 


Le = :/G (2.15) 


If La > Ly, the condition of electrical neutrality is fulfilled (Appendix VIT) 
and wu satisfies the equation 


sinh #% = pa/p; = ex/2n; = «/2L, 


oJ. F. Mullaney, Phys. Rev. 66, 326 (1944). 

6H. B. Briggs and W. H. Brattain, P/rys. Rev., 75, 1705 (1949). 

7 Potential distributions in rectifying junctions between semiconductors and metals 
have been discussed by many authors, in particular N. F. Mott, Proc. Roy. Soc. 171A, 
27 (1939) and W. Schottky Zeits. f. Physik 113, 367 (1939) 118, 539 (1942) and elsewhere 
A summary in English of Schottky’s papers is given by J. Joffe, Electrical Communications 
22, 217 (1945). All such theories are in principle similar in involving the solution of equa 
tions like (2.11). See, for example, H. Y. Fan, Phys. Rev. 62, 388 (1942). 
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On the other hand, if 1, > Ja, a large change in impurity concentration 


occurs near x = 0 without compensating electron and hole densities oc- 
curring. Mathematically, we find that (2.11) can be expressed in the form 
- ~ - A (—y + sinh u) (2.16) 
ar o_: ( 
and 
y= x/2L,, K = L,/2L, (2.17) 


In Appendix VII, it is verified that the appropriate solution for A < 1 is that 
1 

giving local neutrality, « = sinh — y; while for A > 1, there is space charge 

as described below. 

For Ly > La, or K > 1, there is a space charge layer in which Ng — Va 
is uncompensated. To a first approximation, we can neglect the electron and 
hole space charge in the layer and obtain, by integrating twice, 

) 3 
y i LT ax 
3K 


where we have chosen the zero of potential as the value at + = 0, a condi- 


+ aX, (2.18) 


tion required by the symmetry between +. and —w of (2.14). Although 
the potential rise is steep in the layer, dy, dx should be small at the point 
Xm Where the neutral n-type material begins. As an approximation we set 


; 
dy/dx = Oat x = Xn: 
dy _ 2rgaxmn 


+ a = 0; , (2.19) 


dx K j 
this leads to a value for a2 which may be inserted in (2.18) to evaluate y 
at ta: 
3 
4argaxm 4irg 3 
Yn = = 38 (AX m) 


m 
3k 3Ka 3Kxa"* 


o tg (2.20) ; 


where ”,, = aX» is the density of electrons required to neutralize .\V,— Va = 
aXm at the edge of the space-charge layer. This value of ,, must corre- 


. ff 
spond to that associated with Y» by (2.2) 
AW ml kT 
Nm = n, e* ; (2.21) 
We thus have two equations relating y,, and ”,, and the parameter “‘a.”’ 
To solve them we plot Iny,, versus In 7,, as shown in Fig. 3. On this figure the 
relationship 
3 
— 4rd Nm 
7 3x @ 
ne 
; " —8 . 
= 3.18 & 10 ° — volts for Ge 
a* 
| 
ne 
8 se , ‘ 
= 483 x 10° — volts for Si (2.22) 
a° A 
i 
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: : . ee 16 
becomes a family of straight lines with ‘‘a” as a parameter. (Only a = 10 


cm“ is shown for Si, all the other lines being for Ge.) The half thickness 
Xm (= N»/a) of the space-charge region is also shown. Solutions are obtained 
when these lines cross the curves vm», = n; exp (q~m/kT), which are shown 
for room temperature. The condition that the intersection lie well to the 
right on the curve is equivalent to AK > 1. For two Si samples cut from a 
melt, @ was determined from measurements of conductivity’ and was 
about 10" to 10'° cm“. For these, the space change region has a half-width 
xm of more than 10“ cm. For other temperatures, the curves can be ap- 
propriately translated.’ 
In Fig. 4(a) we show the limiting potential shapes: 


ax = 2n; sinh w for K <1 (2.23) 
W = (Wm/2)(— (4/Xm)® + 3(x/Xm)) for KA > 1 = (2.24) 


In Fig. 4(b) the charge densities are shown. For the space-charge case, 


\V, — qa} is greater than » or p. For a higher potential rise, i.e. larger 
YW» , the discrepancy would be greater and .V, — .V, would be unneutralized 


except near y,. 


2.3 The Transition-Region Capacity 


When the voltage across the junction is changing, a flow of holes and 
electrons is required to alter the space charge in the transition region. We 
shall calculate the charge distribution in the transition region with the aid 
of a pseudo-equilibrium model in which the following processes are imagined 
to be prevented: (1) hole and electron recombination, (2) electron flow across 
the p-region contact at x4 (Fig. 1), (3) hole flow across the n-region boundary 
at »,. Under these conditions holes which flow in across x, must remain in 
the specimen. If a potential éy is applied at the p end, then holes will flow 
into the specimen until ¢, has increased by dy so that the holes insi le are 
in equilibrium with the contact which applies the potential. Since the speci- 
men as a whole remains neutral, an equal electron flow will occur at x. 
When the specimen arrives at its pseudo-equilibrium steady-state, the 
potential distribution will be modified in the transition region and the num- 
ber of holes in this region will be different from the number present under 
conditions of true thermal equilibrium. The added number of holes is pro- 
portional to 6g for small values of dg and thus acts like the charge on a con- 
denser. Our problem in this section is to calculate how this charge depends 

* Unpublished data of W. H. Brattain and G. L. Pearson. 


' The effect of unionized donors and acceptors can also be included by letting »; include 
the properly weighted donor states and /;, the acceptor states. 
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upon év for various types of transition regions and to express the result as 


a capacity. 


The justification for this pseudo-equilibrium treatment is as follows: 
Under actual a-c. conditions the potential drop in the p- and n-regions them- 


selves are small because of their high conductivity so that most of the po- 
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DISTANCE, X,IN UNITS OF La= Tb 


Electrostatic potential and densities for p-n junctions 


tential drop occurs across the transition region. On the p-side of the transi- 


tion region a large supply of holes is available to modify the potential and 


the fact that a current is flowing across the junction disturbs their concen- 


tration negligibly; the electrons on the n-side are similarly situated. Hence 


the distribution of holes and electrons in the transition region will be much 


the same as for the pseudo-equilibrium case. The question of how the hole 
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current required to change the potential distribution in the transition region 
is related to other hole currents is discussed in Section 4.1. 

Under our assumptions, after the voltage dg is applied, a steady state is 
reached involving no current hence Vo, = Vy, = 0. Consequently, both 
¢, and ¢, are constant and 


Pp — On = O9 (2.25) 
since the holes are being supplied from a source at a potential dy higher than 


for the electrons. 
We shall then have 


p= Nn ete WaT gg er (2.26) 
n= net emt? &— yy, t-edlkr (2.27) 
where 
gi = Gp t+ ¢n)/2, Sp = G1 + 69/2, On = G1 — bp/2 (2.28) 
and 
m = ner, (2.29) 


Thus the effect of applying the potential 6g in the pseudo-equilibrium case 
is equivalent to changing ; to m just as if the energy gap had been reduced 
by goy. 

In the p-region, n < p and so that p = —ax is a good approximation. 
Similarly, in the n-region, we set n = ax. Hence we have in the p-region 


v= ¢1+ (69/2) — (RT/q) In (—ax/n,) (2.30) 
and in the n-region 
Y = ¢1 — (69/2) + (RT /q) In (ax/n,). (2.31) 


Hence the effect of dg is to shift y in the p-region upwards by 6¢ compared 
to w in the m-region. This is an example of the general result that y — ¢, 
tends to remain constant at a given point in the p-region no matter what dis- 


turbances occur and y — ¢,, tends to remain constant in the n-region. 


The Capacity for the Neutral Case K & 1 

For the neutral case, we calculate the total number of holes, ?, between 
x, and x as a function of 6g. The charge of these holes is g? and the effective 
capacity is g dP/d 6g. As explained above, we are really interested in the 
change in number of holes in the transition region. However, the value of P 
is relatively insensitive to the location of the limits xz and x so long as they 
lie in regions where the conductivity approaches the maximum values in the 
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p- and n-regions. In the following calculations, we shall consider a unit area 
of the junction so that values of P and of capacity are on a unit area bases. 

The value of P is obtained by integrating p dx making use of the neu- 
trality condition to establish the functional relationship between and vx. 
The neutrality condition can be written as 


eal a 
ax = 2m, sinh IW __ == 2, sinh # (2.32) 
kT 
where « = qv — ¢gi)/kT and 
p=menr™ *T =e” (2.33) 
n= me (2.34) 
4 
so that the value of P can be obtained by changing variables from x to u: 
Ib aub 
p= [ pdx = | p(2n,/a) cosh u du 
“Iq “Ua 4 =. 
on (2.35) 


oe, —2u ta a Qu Qu 
= (nj, a) | [i +e “] du = (ni/a)[u — uw, + (e ““* — e “*)/2] 
Ua 

For the cases of practical interest, the value of p at x = x, denoted hy 
pa , and the value of n at x = x, , denoted by m , will both be large compared 
to m,. Consequently, we conclude that 


Ua = —In(pa/m) and wm = In m/m 


} are both larger than unity in absolute value but probably less than twenty 

| for a reasonable variation of impurity between x, and 2. (For example for 

a change in potential of 0.2 volts such as would occur between p- and n-type 

q germanium, u, and m would each be about 4 in magnitude.) Hence we ob- 
| tain for P, 


P = (nj/2a)(2(u, — ta) + (pa/m1) — (11/ne)”) 
; 9 2, , 
= pa/2a + (nj/a)(u, — Ua) (2.36) 


where we have neglected (11/1) which is <1 and the negligible compared 
a a 2 . . . e 

tO Mp —- Ma. The term pa/2a is simply the integrated acceptor-minus-donor 

density in the p-region, as may be seen as follows: 


0 0 
| (N, — Na) dx = / (—ax) dx = axj/2 = pa) 2a. (2.37) 


‘} The second term in (2.36) is essentially the sum of the holes of the right 
of x = 0 plus the electrons to the left of « = 0, whose charge is also com- 
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pensated by holes. The total number of holes can be expressed in terms of 
dg through the dependence of m on dy. The second term is thus 
(ni /a){In(s/m1) + In (pa/m)) 
= (ni/aye?*" + [InGmpa/ni) — gbe/kT] (2.38) 
Hence for a small change dég in dy, the change in charge d) = g dP and the 
capacity C are given by 
dO y ni js 
= © = *. — [In(m pa/n;) — (gio/kT) — 1). (2.39) 
i ne oe | 
This capacity can be reexpressed in terms of the difference in Y between 
Yq and x, : When 6g = 0, corresponding to the thermal equilibrium case, 
we have 
Pate = n; errr ott (2.40) 
Using this together with the definitions of Lp, and L, we obtain 
K[g(vs — Wa — d¢)/kT — 1] e?*7 (2.41) 
4n(2L5/La) 7 
In this expression Y. and yy are the potentials when ég = 0; so that 


Vr o> (Wa + bg) 


is thus the increase in potential in going from x, to x, when é¢ is applied. 
For thermal equilibrium, dg = 0 and, as discussed above, the term in 
Y — vw. will be about 10. Hence, using the definition K = 1,/2L,, we have 


C= «x 4r(4AL, 10) (2.42) 
lor A < 1, the case for which this formula is valid, C will be the capacity 
of a condenser whose dielectric layer is much less than Ly thick. 

Capacity for Space Charge Case, K > 1 
As discussed in connection with (2.30) and (2.31), the applied potential 
dy reduces the increase (= 2y,,) in Y between the p-region and the n-region 
by 6g 2 on each side of x = 0. This is accomplished by a narrowing of the 
space charge layer by 6x, on each side where (according to (2.20)) 
Om = —b¢/2 = 4rgaxmixm/ k (2.43) 


The decrease in width 6x, brings with it an increase in number of holes 
—ax 6x» per unit area of the junction on the p-side and an equal number of 
electrons on the n-side. Thus a charge of holes per unit area of 60 = —qaxn60n 
must flow in from the left. The capacity per unit area is, therefore, 


C = 60/ig = gaxmnbxn/bp = x/4r2xm, (2.44) 


t 
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corresponding to a condenser of thickness 2x,,. It is evident that formula 
(2.44) will hold for a small change dép superimposed on a large bias 6¢ pro- 
vided that 2.x, is the thickness of the space charge region under the condi- 
tions when é¢ is applied. If Y»o is the value of » for dg = 0, then y, = 
Wno — 6¢/2; and C will vary as 


C = kl4rga/3x(Wno — 69/2) /9/8m (2.45) 
so that 1/C* should plot as a straight line versus 6g with slope 


1927" 


— (89 x)°(3x, 8rga) = — -,; 
K>qa 


(2.46) 
In addition to the holes which flow to account for the change in y,,, the 
concentration of holes in the m-region will be increased by a factor 
exp(qdg/ kT). However, this increase does not lie in the transition region; 
we shall consider it later, in Section 4, in connection with a-c. admittance. 


Comparison of the Two Capacities 


It is instructive to compare the two capacities just derived. We suppose 
that for one value of x; we have A > 1 so that the space charge solution is 
good. For this case we choose %4 = —+X», and x = +.» so as to bound the 
space charge layer. We then imagine 7; to be increased, either by raising 
the temperature or by applying a potential difference dg. The capacity then 
changes from 


Cap. che. = K/8rXm to Creat. = 5x/84K Lp (2.47) 
(i.e., from (2.44) to (2.42)) so that the ratio is 


C neut. IXm 


=. (2.48 
Cw. che: KLp . ) 


For AK < 1, this ratio is large, both because of A in the denominator and 
because ¥m > La so that xm/Lp > La/Lo = 1/2 K. 

In Section 4.4 we shall compare these capacities with that due to difusion 
of holes and electrons beyond the transition region. 


2.4 The Abrupt Transition 


For completeness we shall consider the case in which the impurity con- 
centration changes abruptly from p, to , at x = 0. For this case the po- 
tential in the space-charge layer will be of the parabolic type discussed by 
Schottky, the potentials varying as 


v = (2x/x)q p,(x — x») + constant, x <0 (2.49) 


¥ = —(2x/n)g n(x — Xr + constant, x > 0 (2.50) 
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where x, < 0 and x, > O are the ends of the space-charge layer in the p- 
and n-regions. The gradient of potential at « = 0 must be equal for the two 
layers leading to 


—PpXp = NryXn (2.51) 
so that if the total width of the space charge layers is We= x, — x,, it 
follows that 

tp = —npW/(na + pp) and Xn = ppW/(nn + fp). (2.52) 


The potential difference across the layer, which is fy — Ya is 
Yo — va = (20g ‘k)(P pX'p + nyxv,) = [2ag pptn/K(pp + n,)|W? (2.53) 
If p, > n, this reduces to 

Y — ve = 2rq n,W?/« (2.54) 


the formula given by Schottky, which should be appreciable in this case, 
for which all the voltage drop occurs in the n-region. 
The capacity for the abrupt transition will be 


C = «/4xW (2.55) 


where HW is obtained by solving (2.53). For this case (1/C)* should plot as a 
straight line versus Y, — Ya: 


1 ; 2 anal 
a= [Sa (pp + m»)//Kg Pp Malls — Wa). (2.56) 


3. GENERAL CONCLUSIONS CONCERNING THE JUNCTION CHARACTERISTIC 


In this section we shall consider direct current flow through the junction 
and shall derive the results quoted in Fig. 1 relating the current distribution 
to the characteristics of the junction. We shall suppose that holes and elec- 
trons are thermally generated in pairs at a rate g and recombine at a rate 
rnp so that the net rate of generation per unit volume is 


(net rate of generation) = g — rup, 


which vanishes at equilibrum. Obviously, g = rj. If relatively small con- 
centrations 6p and 6x of holes and electrons are present in excess of the 
equilibrium values, the net rate of generation is 


bp = bn = g — r(n + bn)(p + 6p) = —rndp — rpédn (3.1) 


This is equivalent to saying that excess holes in an n-type semiconductor, 
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and excess electrons in a p-type semiconductor, respectively, have lifetimes 
tT, and r, given by 


5p = —6bp/rt, = —rndp or tr, = 1/rn = p/g (3.2) 
and 
bn = —6n/t, = —rpin ort, = 1/rp = n/g. (3.3) 


We shall have occasion to use this interpretation later. (We later consider 
the modifications required when surface recombination occurs, Section 4.2, 
Appendix V, and the effect of a localized region of high recombination rate, 
Section 4.6, Appendix III.) 

In principle, the steady-state solution can be obtained in terms of the 
three potentials ¥, ¢, and ¢,. These must satisfy three simultaneous or- 
dinary differential equations, which we shall derive. As discussed in Section 
2, we consider all donors and acceptors to be ionized so that Poisson’s equa- 
tion becomes 


dy _ _4nq ( 


d x? K 


k1 ¢ndl/kI 


) (3.4) 


ax + ner — ne 
an equation in which the unknowns are the three functions ¢, , ¢, and y. 
The total current density, from left to right, is 
dg, den e 
l=1,+ 1, = —qul p— + bn -— |. (3.5) 
dx dx 
The elimination of p and x by equation (2.4) results in an equation in- 
volving the three unknown functions and /. The divergence of hole current, 
equal to the net rate of generation of holes, is 


di, gq = _ 4g dg, dg, | 
dx qeP (‘%e kT dx dx i de | (3.6) 
(¢p- Pn) 15?) 


= g(g — rnp) = qg(i — e* 


with p in the second term given by (2.4) so that (3.6) is also an equation 
for the three unknown functions. The equation for d/,/dx can be derived 
from the last two and adds nothing new. These three equations can be used 
to solve for dW ‘do’, dep ‘dx and dg,,/dx in terms of lower derivatives and /. 
They thus constitute a set of equations sufficient to solve the problem pro- 
vided that physically meaningful boundary conditions are imposed. We 
shall not, however, deal directly with these equations; the main reason for 
deriving them was to show that the problem in question is, in principle, 
completely formulated. Instead of attempting to solve the equations, we 
shall discuss certain general features of the solutions for ¢, and ¢, , using 
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approximate methods, and in this way bring out the essential features of 


the theory of rectification. 
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Fig. 5—Potential and current distributions for forward current in p-n junctions 
(a) p-m junction under equilibrium conditions. 
(b) Division of current between holes and electrons. 
(c) Distribution of potentials for forward current flow showing how the potential é¢ 
applied at xa changes ¢,, ¢, and y. 
In Fig. 5 we represent a general situation which may be used to illustrate 


the nature of the resistance of the junction. Part (a) corresponds to thermal 





equilibrium and shows the potential distribution and Fermi level in ac- 
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cordance with the scheme used in Fig. 2. Part (b) shows the current dis- 
tribution for a forward current I from left to right and (c) shows 
the corresponding potential distribution and values of ¢, and ¢,, the total 
applied potential being 6g. Recombination prevents the hole current from 
penetrating far into the n-region, the depth of penetration being described 
by the diffusion length L, = WDr, = VDp,/g, where p, is the hole con- 
centration in the n-region. The electron current similarly is limited by 
L.n = VbDr, = V/bDn, g. (Diffusion lengths are evaluated for purticular 
models of the junction in Section 4.) Far from the junction, therefore, the 
hole and electron concentrations have their normal values and consequently 
¢p = ¢, and ¢, — yp has its normal value. This accounts for the equal dis- 
placement é¢ for all three curves at x = «,. The curves for ¢, and ¢, have 
a continuous downward trend which produces the currents 


ly, ( 


dx ~ 


o*) 
“I 


( 
and JI, = —qbun 


The area between the ¢, and ¢, curves has a special significance: This differ- 
ence is related to the excess rate of recombination and the integral of this 
rate over the entire specimen must be sufficient to absorb the hole current 
I, = J entering at x, so that the entire current at x is carried by electrons. 
In terms of ¢, — ¢, and equation (3.6) we obtain 


or) 


fm Iie) ~ Teo | 3 


Jr 


(3.8) 


ot} 


= gy | (etree IT — 1) dx. 


Vr, 
From (3.8) we conclude that if g is increased indefinitely for a specified 
current /, then g, — ¢, must approach zero. For this case, in which the 
rate of recombination and generation is very high, ¢, = ¢, and 
l=1,+ 1, = —qu(p + bn) dy,/dx (3.9) 


and 
Zb ath 
bg = -| dg, = 1| dx/qu(p + bn) = IRs, (3.10) 


where Ro is simply the integral of the local resistivity corresponding to 
densities p and n. For smaller values of g, / does not divide in the ratio p:bn 
and ¢g, ¥ ¢, and dg > [Ro - 

We shall next give an approximate treatment for the case in which d¢, 
(J for junction), the value of g, — ¢, at x = 0, is an appreciable fraction of 


\ A general proof that 6g > JR is given in Appendix I. 
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the total voltage drop. For this purpose we treat ¢, — ¢, aS Constant over a 


range of integration from x = —L, tox = +L, obtaining 
I = gg(L, + Lyle” — 1] 
sd I fe*rr*” ai) (3.11) 
where 
I, = gq(L, + Ly) (3.12) 


is the current density corresponding to the total rate of generation of hole- 
electron pairs in a volume L, + L, thick. We next consider dgx, + d¢nrn 
shown in Fig. 5c, where, as the subscript R implies, these are thought of as 
resistive terms and are given by the integrals 


= J 


Ogrp + Sern = = | dg, — | dg, = | I, dx/qup + | . I, dx/quon. 
“Iq 0 Za 70 


The denominators are both approximately gu(p + 6x) which occurs in the 
integral for Ry. Furthermore, for most of the first range 7, = J and for 
most of the second J, = 7. Near x = 0, /, or J, must be at least J/2. Hence 
it is evident that dgx, + d¢x, cannot be much less than 7Ro . We shall repre- 
sent it by JR, where Ro < 2Ri < 2Ro. 

In terms of R; and /,, the relationship between current and voltage 
becomes 


b¢ = b¢Rp + Sern + dg, = Ril + s In (1 2 a (3.13) 


This corresponds to an ideal rectifier in series with a resistance RK. The 
junction will, therefore, be a good rectifier if the second term represents a 
much higher resistance. 
We shall compare the two resistances for the case corresponding to K < 1. 
For this case, we have p = —ax and nm = +-ax except in the narrow range 
x| < L, = n,/a. The integral Ro can be approximated by integrating 
dx/o for x outside of the range +Z, using the approximation -+ax for 
p and n and approximating the integral from —/, to +1, by 2L,/o (in- 
trinsic). This procedure gives 
sn aL. 


I dx Guax + quni(1 + b) 


La (1 + = In (x%»/La) 
UN; b 


where it is supposed that —x, = % and that /m (%»/Z,) is large compared to 
2/(6 + 2+ 1/6). The evaluation of 1, and L,, for use in /, is more involved 


II 


Zb 
R, + | dx/qubax 
a 


(3.14) 


I| 
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since tr, and 7, are both functions of «. We shall obtain an approximate self- 
consistent diffusion length by assuming that the holes diffuse, on the average, 
to just such a depth, 1,, that in uniform material of the type found at 
L,, their diffusion length would also be L,. At a depth L,, the value of 
nis aL, so that by (3.2), 7, is 1/raL, = ni gaL, . Thus we write 


Li, = Dr, = Dni/gal.,. (3.15) 


We can solve the equation (3.15) for 1, and a similar one for 1, and insert 
the results in equation (3.13). For small / this gives 


b¢/T = Ri + (kT/qI.) = ba (1 + ;) In (x/Lq) 
gun; b (3.16) 


+ kT/(¢ g°*(DL gn) (1 + bY). 


It is seen that for g large, the second term, corresponding to the rectifying 
resistance, becomes small. For this case, as discussed above, g, = ¢, and 
the exact integral for Ro should be used and the junction will give poor 
rectification. 

It is also instructive to consider 1, as a variable. Increasing 1, corre- 
sponds to making the transition from p to m more gradual. It is evident 
that varying 1, changes the two terms of (3.16) in opposite directions so 
that there will be an intermediate value of 1, for which the resistance of 
the junction is a minimum. As L, approaches zero, however, the second 
term should be modified: If we imagine that in the transition region the 
concentration (Va — .V,) varies only over a finite range, bounded by fixed 
values n, and p, in the n- and p-regions, then it is clear that the limiting 
values of Land L,, should be given not by (3.15) but by Dr, and 1/6Dr,, 
where r, and 7, are evaluated in the n-region and p-region. This leads to a 
limiting value for 7,, which is given in equation (4.11) of the following 
section. In the range for which (3.16) applies, however, the interesting 
result holds that widening the transition region initially decreases the re- 
sistance by furnishing a larger volume in which holes and electrons may com- 
bine or be generated. 

The condition that é¢, dominate the resistance is that the second term 
of (3.16) be much larger than the first. This leads to the inequality 


4/3 


kT Gun; 
g g?*(DLan;)"* Le 
where we have neglected various factors involving 6, which are nearly unity, 
and In(%,/l,a) (which must be about 4 for Ge since the conductivity at x, 
is about exp(4) times the intrinsic conductivity). The quantity 


1< = (Dn./gli)”* = (Lpi/ Le) (3.17) 


Lini = (Dn, eg)” (3.18) 
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is the diffusion length for holes in the intrinsic region. The inequality states 
that the diffusion length must be much larger than L,. This is equivalent 
to the previous statement that the hole current must penetrate the n-region 
for the rectifier to have a good characteristic. (If a local region of high re- 
combination is present in the transition region, this result just quoted need 
not apply. See Section 4.6.) 

If the hole current penetrates deeply into the n-region and R; is negligible, 
then we can conclude that the current-voltage characteristic will fit the 
ideal formula. For these assumptions éd¢x, on Fig. 5 will be small and the 
principal change in ¢, will occur relatively deep in the n-region, at least 
beyond the transition region. So long as the hole concentration introduced 
in the n-region is much smaller than w,, the hole current into the #-region 
will be a linear function of the value of p at the right edge of the transition 
region, being zero when p equals p,, the equilibrium value of p. This 


leads at once to a hole current proportional to p — p, and since the shift 
of y, in respect to w at the edge of transition region is 6g, p — p» Is 


equal to p,(exp(adg, kT)—1). (These ideas are discussed in detail in Sec- 
tion +.) A similar relationship will hold for electrons entering the p-region; 
hence the total current will vary as exp(gd¢ k7)—1. This is a theoretical 
rectification formula!! giving the maximum rectification for carriers 
of charge gq. 


4. TREATMENT OF PARTICULAR MODELS 
4.1 Introduction and Assumplions 


In this section we shall deal chietly with good rectifiers so that the 7R 
drop, discussed in connection with R; in Section 3, is negligible. We shall 
deal chiefly with the case for which the transition region is narrow com- 
pared to the diffusion length; consequently, there is little change in /, in 
traversing the transition region. In Fig. 6(a) we consider a hypothetical 
junction in which the properties are uniform outside the transition region. 
The division of the specimen into three parts as shown is seen to be reason- 
able for germanium: In n-type germanium, the diffusion constant for holes 
is about 40 cm” sec and the lifetime is greater than 10° sec so that the 
diffusion distance is L, = YW Dr, > 6 X 10 “em. This is much greater than 
most transition regions. 

The major drop ing, must occur to the right of the transition region. This 
follows from our assumptions: First, we may neglect the 7R drop in the 
p-region; hence ¢, is substantially constant from x = x, to x = ar,. Second, 
the decrease in ¢, is much less in the transition region than in the n-region; 
this follows from two considerations: the resistance for hole flow is lower in 


C. Wagner, Phys. Zeits. 32, 641-645 (1931). 
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the transition region than in the n-region; the effective length of tlow in the 


n-region, being L,,, is greater than the width of the transition region. Con- 
sequently, the variation of g, shown in Fig. 6(c) is seen to be reasonable. 


Similar considerations apply to ¢, . As is shown in Fig. 6(c), the application 








of dg does not alter ¢, — y in the p-region nor ¢, — W in the n-region. The 
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Fig. 6—Simplified model of a p-” junction 
(a) Distribution of donors and accepters. 
(b) Potentials for thermal equilibrium. 
(c) Effect of 6y applied potential in forward direction. 


reason, as discussed in connection with (2.31), is that in these regions elec- 
trical neutrality requires an essentially constant value for the more abundant 
carrier. Hence the relationships between the g’s and yw follow from (2.4). 
The nature of the potential distribution in the transition region has no 
effect in the considerations just discussed. However, as shown in Section 2, 
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the capacity of the transition region, which we shall denote by Cr in this 
section, de depend on the nature of the transition region and, consequently, 


on the value of A. 

If the sizes of the p-region and n-region are large compared to the diffusion 
lengths, we may assume the current at x, to be substantially 7, only and 
that at x», 7, only. The total current entering at x, can be accounted for 
as doing three things: (1) neutralizing the electron current tlowing into the 
p-region across x7,, (2) contributing to the charge in the transition region 
(this corresponds to the capacity discussed in Section 2) and (3) contributing 
a current flow to the right across xr, . 

We have selected the hole current for analysis because the hole has a 
positive charge and the connection between the algebra and the physical 
picture is simplified. For the same reason, the text emphasizes forward 
current, although the equations are equally applicable to reverse currents. 
Nothing essential is left out by this process; since the sample as a whole 
remains uncharged, the current / is the same for all values of x and if /, is 


known, then /, = J — J, is also determined. 


4.2 Solution for Hole Flow into the n-region 
We shall calculate first the hole current /,(r,) flowing across x7, . It is 


readily evaluated as follows: The value of p(vr,) is given by 


p(xrn) 


aleytbe—Pp)/kT 
nie 


pre 


where Pp, is the hole concentration in the x-region for thermal equilibrium. 


II 


(4.1) 


qbg/kT 


II 


If we apply a small a-c. signal superimposed on a d-c. bias so that 
- tw t 
be = to t+ He’ (4.2) 


where 7 is an a-c. signal, assumed so small that linear theory may be em- 
ployed (ie. 1 « kT/q), then 


plxrn) = (pret )(1 + (qui/kT)e""). 


We resolve this density into a d-c. component po and an a-c. component p; 


eo: 
P(xrn) = pr + po + pre” (4.3) 
where 
po = prler?**—1) (4.4) 
pi = (qhnri/kT)e*”” (4.5) 


So long as p(vr,) K n,, the normal concentration of electrons in the 
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n-region, the lifetime +, and diffusion constant D for a hole will be sub 
stantially unaltered by dg. Application of the hole-current equation to the 
hole density p(x, /) gives 


| —qD (4.6) 
ax 


x 


Pp 


Combining this with the recombination equation 


Op Pn = p a | Oly = Pr = p }. D 0 Pp (4.7) 
Ox 


9 


ol Tp y Ox Tp 


leads to the solution 


pm ge oh pg tO SOs 4. ght tener <s 


The quantity ~/ Dr, is the diffusion length and is denoted by Ly. (We shall 
use subscript p for holes in the n-region and » for electrons in the p-region 
for both LZ and 7.) 

When Pp is large compared to p,, but small compared to ,, the ex- 
pression for p leads to the following formula for ¢, : 


nT 5 id twt r [1 +iwrp)1/2—1)/4 
Op = On + te — (RT /Qq)(% — Xrn)/Lyp + He Min ~~" P (4.9) 


This shows that the d-c. part of g, varies linearly in the n-region, for large 

forward currents, and decreases by (k7/q) in each diffusion length ZL, . 

The transition from this linear dependence to an exponential decay for ¢, 

comes when ¢, — ¢, = (Ak7/q). This behavior of the d-c. part of ¢, is useful 

in connection with diagrams of yg, versus distance. (See Sections 5 and 6.) 
The solution just obtained for p gives rise to a current at x7, of 


T, (ern) = —op = 
Ox (4.10) 
= gpoD/ Ly + gpi De" (i+ iwtp)' . | Fe 


The d-c. part is calculated by substituting (4.4) for po : 


T,0(X7n) — (yp, D LJ” a 1) 
(4.11) 
le * *T — 1) 
and the a-c. part is similarly obtained from (4.5) for py : 
‘ F ; qt . 1/2 iwt 
T(xrn) =(qpnu/L,)le“ PA + lwTp) “Me 
(4.12) 


t 


‘ ra iwt __ iw 
= (Gp + 1S») 01 € =e Ap? é 


where .1, is called the admittance (per unit area) for holes diffusing into the 
n-region; its real and imaginary parts are the conductance and suscept- 


















4A) BELL SYSTEM TECHNICAL JOURNAL 


ance. For wr, small, the real term G, is simply conductance per cm? 


of a layer L, cm thick with hole conduction corresponding to the density 
bp, + fo; it is also the differential conductance obtained by differentiating 
(4.11) in respect to to. For the case of zero bias this establishes the result 
quoted in Section 1 that the voltage drop is due to hole flow in the n-region 
where the hole conductivity is low. 

In this section we have treated 7, as arising from body recombination. 
In a sample whose y and z dimensions are comparable to L, or L, , surface 
recombination may play a dominant role. However, as we show in Appendix 
V, the theory given here may still apply provided appropriate values for 
rT, and 7, are used. 


4.3 D-C. Formulae 


The total direct hole current flowing in at x, is 7,9 plus the current re- 
quired to recombine with electrons in the p-region. This latter current is, of 
course, equal to the electron current flowing into the p-region. This electron 
current, denoted by /,0 or /,0{vr,), is obtained by the same procedure 
as that leading to (4.11) for 7,9 except that 6D replaces D and the subscripts 
of 1 and 7 are now ». Combining the two currents leads to the total direct 
current: 


hele + tae Gee re.) 


he L, 


for the direct current per unit area for applied potential 7.” The algebraic 
signs are such that J > O corresponds to current from the p-region to the 
n-region in the specimen; % > O corresponds to a plus potential applied 
to the p-end. The ratio of hole current to electron current across the transi- 
tion region is 


I po es Pn P 1 = Pp ; V bDr,, 
Tio Lp = bnp bm W/ Dr, . 


(4.14) 

_ bp / bn, _ ,/% 

bn, VY pp V on 
where we have used the relationships v,p, = ppp = Ni from (2.2) and 
Tpln = Trpp = 1/7 from (3.2) and (3.3). These results can be summarized 


by saying that the current flows principally into the material of higher re- 


? For convenience we repeat the definitions here: g = magnitude of electronic charge; 
D = diffusion constant for holes; p, and n, thermal equilibrium value of p and n, as 
sumed constant throughout m-region (x > x7,,); mp and p, = similar values for x < xp; 
L, = diffusion length = Vr, for holes in n-region; 7, = lifetime of hole in n-region be 
fore recombination; 6 = electron mobility/hole mobility; L, and 7, similar in quantities 
for electrons in p-region; o, = qubn, and o, = qup, are the conductivities of the two regions. 
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sistivity. We can also say that the hole current depends only on the n-type 
material and vice versa. For a p-n junction emitter in a transistor with an 
n-type base, it is thus advantageous to use high conductivity p-type ma- 
terial so as to suppress an unwanted electron current. 

For comparison with experiment, it is advantageous to express the values 
of p, and n, in terms of the conductivities o, and o, . If the conductivity of 
the intrinsic material is written as 


a; = qun,(1 + 3b), (4.15) 

then, if p, Kn, and n, K p,, we find 
qupnr = ba? /(1 + 6)°o, (4.16) 
qubn, = bai/(1 + b)’o,. (4.17) 


Using these equations, we may rewrite (4.11) and a corresponding equation 
for electron current into the p-region so as to express their dependence ond-c. 
bias v9 and the properties of the regions: 


ba; 
I »0(%) => - a eee (e’ 0 cv 1) 
1 (1 +- b)* a, Ly q 
AT (,avolkr (4.18) 
= Gn p10 — 
I q (¢ ) 
= I,,(e"*7 — 1) 
bo* aT. us 
I n0 (vo) = : ‘+ one ore Lh 1) 
ik Ss 
kl (4.19) 


’ 6 quo/kT ’ 
= Gro (e*"' _ 1) 


= I,(e""" — 1) 
ns\ Je 
The values of G,9 and G,o (which are readily seen to be the values of the low- 
frequency, low-voltage (v% < 7g) conductances) and the saturation 
reverse currents are given by 


te? q 
G 0 = — —— bn 4.20 
: (1+ b)?6o,L, kT’ 4.20) 
Go bo Moe Be (4.21) 


" Give. 2 


The expression for direct current then becomes 


k’ = 
Ty (v, ) = [ a +. G2 ( d ) le" y/KT 1] 
. (4.22) 


= (Ips + Ins)[e*? — 11. 
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4.4 Total Admittance 


In order to calculate the alternating current, we must include the capacity 
of the transition region, discussed in Section 2. Denoting this by C7, we 
then find for the total alternating current. 


| = (G, a i WS» “t ‘oon -+ 1S n t iw") y= Avy (4.23) 


where G,, and S,, are similar to G, and S, but apply to electron current into 
the p-region. The value of the hole and electron admittances can be ex- 
pressed as 


Ap = Gp + Sp = (1 + tery)? Gyo e** (4.24) 


(1 ++ sor.) Gre” (4.25) 


A, — G,, -|- in 


For low frequencies, such that w is much less then 1/7, , we can expand 
G, + iS, as follows: 


' 0 ' qvg/kT ae va] Qvol/kT au’ 
Gy + tS p = Gye 4 + lw (Tp 2)Crpo e . (4.26) 


{ } v qvg/kT 4 . 
Hence (7,/2)G,oe"° behaves like a capacity. 
It is instructive to interpret this capacity for the case of zero bias, 7% = 0, 


for which we find: 
Cp = 7,G,0/2 = Tpgpnu/2Ly = ¢ pal p/2kT. (4.27) 


The last formula, obtained by noting that +, = gr,D/kT = gL/kT, has 
a simple interpretation: gp,/, is the total charge of holes ina layer L, thick. 
For a small change in voltage 7, this density should change by a fraction 
qv, kT so that the change in charge divided by the change in 2 is 
(y/kT)(qpnlp) which differs from C, only by a factor of 2, which arises from 
the nature of the diffusion equation. 

This capacity can be compared with Cr neut., discussed in Section 2, (see 
equation (2.39) and text for (2.42)) for germanium at room temperature 


as follows: 


iL. dp Ly kta _ prlypa 


; - “= 7 — (4.28) 
C T neut. 2k1 10g nN; 20n; 

for a structure like Fig. 6(c), the excess of donors over acceptors reaches its 

maximum value, equal to 7, , at x7, leading to n, = ax, . Consequently 

ad = ny Xr, . Substituting this value for a in (4.28) and noting that 
Prt, = Ny gives 

CY i 
> = (4.29) 


Cr nent. 20.7», 


As discussed at the beginning of this section, 1, = 6 & 10° cm for holes 
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in germanium. Hence if the transition region is 6 X 10 * cm thick, the 
diffusion capacity C, will dominate the capacitative term in the admittance. 

Although A, simulates a conductance and capacitance in parallel at low 
frequencies, its high-frequency behav or is quite different. In Fig. 7 the 
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REAL AND IMAGINARY COMPONENTS OF ADMITTANCE IN ARBITRARY UNITS 


10-1 1 10 102 103 104 102 
Fig. 7—Real, G, and imaginary, S, components of admittance for hole flow into n-region. 

(a) 10°1,/Gpo = 10°(1 + twr,)'/ corresponding to uniform n-region. 

(b) 10? X Formula of Appendix III, corresponding to layer of high recombination 
rate in front of n-region. This causes G to exceed S at higher frequencies than for (a). 

(c) 10 X Equation (4.33), corresponding to a retarding field in the n-region, with 
Le — L,/V10. : 

(d) Equation (4.33) with Z, = L,/10 


. « ° 1/2 ry . . . = . ‘ 
behavior of (1 + twr,)” = A, G,0, is shown. For high frequencies G, and 


p 


S, are equal: 


boi Vw 


G, = S, = V/1,/2 Gp Vo = - —— 
; saiitlie (1 + b)° on +/2D 


(4.30) 
Thus for high frequencies the admittance is independent of 7, and is deter- 
mined by the diffusion of holes in and out of the n-region. The three straight 
asymptotes have a common intersection at the point G,o, #7 = 2 on Fig. 7, 
a fact which is useful in estimating the value of 7 from such data. 

For large w, S, varies as w as shown in (4.30) whereas Syiswl'7. Hence 
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at very high frequencies Cy will dominate the admittance. At very high fre- 
quencies Cy itself will have a frequency dependence; however, for the as- 
sumptions on which the treatment of this section is based, the relaxation 


time for the transition region rr is much less than 7, . This is a consequence 
of the fact that, although diffusion of holes into the transition region is 
required for the charging of Cy, the distance is relatively short, being in 
fact only that fraction of the width x7, — xr, of the transition region in 
which y rises by &7/g; in germanium this will be about one-tenth of 
Xr, — Xr,. Since diffusion times vary as (distance)*, the ratio of the times is 


9 


: (Xrn — Xpn)” 
ne ~_ pn) (4.31) 
Tp 10015 

Hence if L, > xrn — Xpn, Tr Will be much less than 7, .” 


4.5 Admittance Due to Hole Flow in a Retarding Field 


In Appendix II we treat the case in which a potential gradient, due 
to changing concentration for example, is present in the n- and p-regions. 
This tends to prevent holes from diffusing deep in the n-region and for 
this reason the m-region acts partly like a storage tank for holes under a-c. 
conditions, thus enhancing S, compared toG, in A,. If the electric field is 
—dy/dx = kT/qL,, where L, is the distance required for an increase of k7/q 
of potential (i.e. a factor of e increase in m,), then the value of 1, is 


(2L,/Lp)(1 + iwr,) 


A, = n/ Ly — 
= Lebo/ol TEE LE ioty) (QLr/ Lp)? 


(4.32) 
For wr, > 1, this admittance is largely reactive provided 2L,/L, is sufti- 
ciently small. 

The dependence of .1,, upon w is shown in Fig. 7 for two values of L/L, . 
The plot shows the rea] and imaginary parts of 


(1 + iwr,) 


A,/|2qupn L,/L*, ; Brera. 7 
»/\2qup ol 1+ [1 + (14+ iwr,)(2L,/L,)3|" 


(4.33) 
for L,/L, = 10°” and L,/ L, = 10, the two curves being relatively displaced 
vertically by one decade. The second value implies that the field keeps the 
holes back so that they penetrate only 75 their possible diffusion length in 
no field. It is seen that for this case the storage effect is very pronounced and 
the susceptance S is much larger than G for high frequencies. 

The function (1 + iwr,)'”, discussed earlier, corresponds to the limiting 
case of (4.32) for L, = ~. 


'8TIn Appendix IV an analytic treatment of Cr is given. 


































pu JUNCTIONS IN SEMICONDUCTORS 


4.6 The Effect of a Region of High Rate of Generation 

There is evidence that imperfections, such as surfaces and cracks, add 
materially to the rate of generation and recombination of holes and elec- 
trons. If there is a localized region of high recombination rate in the transi- 
tion region, there will be a pronounced modification of the admittance char- 
acteristics. In Fig. 8(a) such a layer is represented at x = 0. In Fig. 8(b) 
the customary plot of yg, and ¢, versus x is shown. If we neglect the effect 
of the series resistance terms denoted by R; in Section 3, the change dg will 
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Fig. 8—The effect of a localized layer of high recombination rate on the junction 
characteristic. 

(a) Location of layer of high recombination rate. 

(b) Quasi Fermi levels. 

(c) Distribution of hole current showing rapid change at layer of high recombination 
rate. 


occur in the p-region for g, and in the n-region for g, . The hole current flow- 
ing into the n-region will thus be the same as before and will be given by 
equation (4.11) or (4.18) and denoted by J, 0(6¢). Similarly, the electron 
current will be /,0(6¢). In the layer we shall suppose that there is a rate of 
generation of hole electron pairs equal to g, per unit area of the layer and a 
rate of recombination proportional to rap per unit area. We suppose, further- 
more, that the layer is so thin that 7 and p are uniform throughout the layer. 
The net rate of generation is thus 


fa — ranp = gall — eo” "" (4.34) 
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since for equilibrium conditions the rates balance so that ran; = ga. The 
net hole current recombining in the layer per unit area is thus’ 


I.(¢p — on) = qa ler or"? — 1] (4.35) 


There must, therefore, be a discontinuous decrease of hole current across 
the layer. The total hole current flowing in at « = x4, which is also the total 
cyrrent /, thus does three things: for x < x,7,, it combines with /,0(6¢); 
for xr,» < x < x7,,, it combines with electrons at rate /,(6y); for x > xr,, 
it flows into the n-region in amount /,o(6¢). This leads to 


[= T ,0(d¢) T I ,o(6¢) t I (dg). (4.36) 


In other words the layer of high recombination acts like a rectifier 
in parallel with /,0(6¢) + J,0(6¢). The frequency characteristic of 7,(6y), 
however, will be independent of frequency and will contribute a pure con- 
ductance to the admittance of the junction. 

If the layer is considered to have finite width, however, it will exhibit 
frequency effects just as does J, in the n-region. In Appendix III, we treat 
a cape in which the layer is a part of the #-region itself but has a recombina- 
tiomNime different from the main layer. If the time is shorter, a large amount 
of the hole current may recombine in this layer. For high frequencies, the 
current may not penetrate the layer, in which case the admittance for hole 
current is determined by the thin layer rather than by the whole n-type 
region. A case of this sort is shown in Fig. 7. In this case the thickness of the 
layer is 4 of its diffusion length and in it the lifetime of a hole rz is } the 
value t, in the main body of the n-region. The hole current will thus be 
restricted to this layer when the diffusion distance ~/ D/w is less than the 
layer thickness ($) /D7-; this corresponds to wre > 9 or wry > 81. The 
presence of the high rate of combination in the layer is evidenced by the 
tendency of G to be greater than S at high frequencies. If the layer were 
infinitely thin, as discussed above, it would simply add a constant conduct- 
ance to the admittance. 


4.7 Patch Effect in p-n Junctions 


If there are localized regions of high recombination rate, a “‘patch effect” 
may be produced in an n-p junction. As an extreme example, suppose the 
value of g, for the layer just considered is allowed to become very large; then 
the recombination resistance may become small compared to R; in Section 3 
and the junction will become substantially ohmic. If the region of high 
rate of recombination is relatively small compared to the area of the rest 
of the junction, then the behavior of the junction as a whole may be re- 
garded as being that due to two junctions in parallel. Over most of the area, 
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the currents will flow as if the patch were not present so that one compo- 
nent of the current will be that due to the uniform junction. In addition 
there will be current due to recombination and generation in the patch. 
The series resistance to the patch will be relatively high due to the constric- 
tion of the current paths. On the other hand, the value of /,(6@) associated 
with the patch may be very high. Hence the current due to the patch will 
be that of a low impedance ideal rectifier in series with a high resistance; 
and if the ratio of impedances is high enough, such a series combination 
amounts essentially to an ohmic leakage path. Thus patches in the p-n 
junction will tend to introduce leakage paths and destroy saturation in the 
reverse (lirection. 

An extreme example of a region of high rate of recombination would be a 
particle of metal making a non-rectifying contact to both p- and n-type 
germanium. Since holes and electrons are essentially instantly combined in a 
metal, the boundary condition at the metal surface would be equality of 
¢p and ¢, . This would mean that near the metal particle, ¢, and ¢, could 
not differ by 6g, the condition required, over some parts of the junction at 
least, in order for ideal rectification to occur. 

A common source of imperfection in p-n junctions arises from dirt or 
fragments on the surface which overlap the junction. Even if these do not 
actually constitute a short circuit across the junction, they may furnish 
patches of the sort discussed here and modify the junction characteristic. 


4.8 Final Comments 


Another possible cause for frequency effects may be found in the trapping 
of holes or electrons.* When an added hole concentration is introduced into 
an 2-region, a certain fraction of the holes will be captured by acceptors and 
later re-emitted or else recombined with electrons while trapped. Investiga- 
tion of this process is given in Appendix VI. One interesting result is that the 
trapping of holes in a uniform n-region cannot produce an effective suscep- 
tance (i.e. tw) in excess of the conductance, as can a retarding field. 

Finally it should be remarked that important and significant variations 
of the conductivity in the p- and n-regions may be produced by hole or 
electron injection. Under these conditions, when the hole concentration 
approaches n, ,¥ — ¢» will vary. Under these conditions R; may be appreci- 
ably altered. These factors favor the p-n junction as a rectifier since they lead 
to a reduction of series resistance under conditions of forward bias and thus 
tend to improve the rectification ratio. 


14 Frequency dependent effects in Cu,O rectifiers have been explained in this way by 
J. Bardeen and W. H. Brattain, personal communication. 
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5. INTERNAL Contact POTENTIALS 


The theory of p- junctions presented above has interesting consequences 
when applied to the distribution of potential between two semiconductors 
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lig. 9—Internal contact petentials showing how presence of injected holes produces a 
contact potential across J» 


under conditions of hole or electron injection. In Fig. 9 we illustrate an 
X-shaped structure. A forward current flows across the junction P; and 
out of branch \V;. If the distance across the intersection is comparable with 
or small compared to the diffusion length for holes, a potential difference 
should be measured between 2 and Ve. The reason for this is that holes 
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flow easily into P: since the potential distribution there favors their en- 
trance. Since, however, P»2 is open-circuited this hole flow biases J» in the 
forward direction; since J» is high resistance, an appreciable bias is developed 
before the counter current equals the inward hole flow and a steady state is 
reached. No similar effect occurs in the branch .V2 ; consequently P2 will be 
found to be floating (open-circuited) at a more positive potential than Ve . 

Parts (b) to (e) describe this reasoning in more complete terms. We 
suppose that the p-regions are more highly conducting than the »-regions 
so that the current across J; , shown in (b), is mainly holes. The potentials 
¢,p and ¢, along the x-axis will be similar to those of Figs. 5 and 6; (c) shows 
this situation and indicates that the diffusion length for electrons in the 
p-region is less than for holes in the #-region. Along the y axis ¢, and ¢,, 
vary as shown in (e), the reasoning being as follows: At the origin of coordi- 
nates ¢, and ¢, have the same values as for (c). The transverse hole current 
(d) has a small positive component at y = 0 since, as mentioned above, P: 
tends to absorb holes and thus increase diffusion along the plus y-axis.Since 
the net transverse current is zero, /, = —J, in (d). The ¢ curves of (e) 
have been drawn to conform to the currents in (d); ¢, is nearly constant 
in the n-region and ¢, is nearly constant in the p-region. As concluded in 
connection with Figs. 5 and 6, ¢, and ¢, are also nearly constant across the 
transition region. These conclusions lead to the shape of ¢, and ¢, for y > 0 
in (e). For y < 0, the reasoning is the same as that used in Sections 3 and 4 
and we conclude that ¢, is essentially constant. Hence, a difference in the 
Fermi levels at P» and .V» will result. 

In Fig. 10 we show a structure for which we can make quantitative calcu- 
lations of the variations of yg, and ¢, . We assume for this case that the 
forward current from P; to .V does not produce an appreciable voltage drop, 
i.e. change in W and ¢, , in region .V. This will be a good approximation if the 
dimensions are suitably proportioned. We shall next solve for the steady- 
state distribution of p subject to the indicated boundary conditions assuming 
that p is a function of x only. As we have discussed in Section 4.1, when is 
small compared to in the a-region, we can write 


fe gg rr" (5.1) 


In keeping with the treatment in the next section of this structure as a 
transistor, the terminals are designated emitter, collector and base, the po- 
tentials with respect to the base being ¢. and ¢.. The contact to .V or the 
base is such that g, = ¢, in this region. Hence, the boundary conditions at 
J, and J» are 


pi = pre x= —W (5.2) 
pr = Pn eteelkT x= +w (5.3) 
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The function p(x) which satisfies these boundary conditions and the equation 


get 20D? os 


dx* T. 


(5.4) 
is 


\ ) — 2 n / ™ . \ 
p(x) = prt pi 1 bs Pm cosh (x/Ly) + P sinh (x/L,) 





2 cosh (w/L,) 2 sinh (w/L,) 
(5.5) 
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Fig. 10—Model used for calculation of internal contact potential and to illustrate p-n-p 
transistor. 
(a) Semiconductor with two p- junctions and ohmic metal contacts. 
(b) Quasi Fermi levels showing internal contact potential between 6 and c. 


which gives rise to a hole current across J» into P» of amount 
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where, by 7,0 (¢), we mean the hole current which would flow in the forward 
direction across either J; or J if uninfluenced by the other (i.e. the function 
of (4.11) or (4.18) and (4.20).) The equation shows that a fraction csch 
(lw L,) of the current 7, (¢.), which would be injected by ¢, on P; in the 
absence of J., tlows into Ps. The conductance of P»2 across J» is increased 
by the factor coth(2w,L,). 

The current into P, carried by electrons will be unaffected by J; and can 
be denoted by —/,0(¢.) the minus sign resulting from the fact that currents 
into Py are in the reverse direction. The total current flowing info P2 contains 
the —J,0(¢.) and —/,.(¢-) terms and must cancel the +/,0(¢-) term for 
equilibrium. Hence: 


To(¢e) + coth (2w/Ly) Ipolyc) = esch (2w/Ly) I po(¢e) (5.7) 


If p, > n,, the /,9 term can be neglected compared to coth (2w/L,) J,0. 
Hence the value of ¢ must satisfy 


I o(¢-) = sech (2w/L,) T,o(¢e). (5.8) 


For ¢ > kT /g, the exponential approximation may be used for 7,9 in both 
terms: 


GV = Oi ™ (kT /q) In cosh (2w/L»), (5.9) 


so that, if (2w//,) is the order of unity, ¢. should be only about (R7, q) 
less than gy . For (2w/L,) large, we get 


Ge = Oe = (kT q) (2w LL») (5.10) 


corresponding to the linear drop of ¢, , discussed in connection with equation 
(4.9), across the distance 2w. 

When ¢ is negative, so that we have to deal with reverse current, ¢, 
will not decrease indefinitely but will reach a minimum value given by 


[exp g¢c/kT] — 1 = —sech (2w/Lp) (5.11) 
and corresponding to saturation reverse current across J; , so that 
ge = —(kT/q) In {1 + (1/2) csch*(w/L,)). (5.12) 


The floating potentials of p-type contacts to n-type material into which 
holes have been injected (or n-type contacts to p-type material with in- 
jected electrons) are reminiscent of probes in gas discharges which tend to 
become charged negative in respect to the space around them because they 
catch electrons more easily than positive ions. The situation may also be 
compared with that producing thermal e.m.f.’s; in fact a “concentration 
temperature” of the semiconductor with injected holes can be defined by 
finding the temperature for which np = n;(7). We conclude that, in the 
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absence of thermal equilibrium, different potentials depending on the nature 
of the contact are, in general, the rule rather than the exception. 

The bias developed on P» or ¢ will change its conductance. If we suppose 
that ¢. and yg are held constant, then the current flowing into c is obtained 
by the same reasoning that led to (5.7) and is 


: Qw , . Qw ~ 
fk (y, ) Ce) = Dn (yo) -f- coth I (Y, )— csch I woe ). (5.13) 
“p “> 
For an infinitesimal change in ¢. from the value which makes /.(¢., ¢e) 
vanish, the admittance to c is readily found from (4.18) and (4.19) to be 
ol , 21 ee: \ 
- = — I ,0(¢e) + cot h - T p0(¢e) 
OL Fe Ly 
(5.14) 


—_ 7 
; 2w 2 ¢/kT 
= |G,0 + coth Gyo et 
Ly 
which shows that pronounced variations in admittance should be associated 
‘ ae P : z ap us 15 
with variations in hole density in .V in Fig. 10. 


6. p--p TRANSISTORS 


The structure shown in Fig. 10 is a transistor with power gain provided 
the distance w is not too great. As a first approximation, we shall neglect 
the drop due to currents in the .V region. If we use P2 as the collector and call 
the collector current, 7, , positive when it flows into Ps from outside, we shall 
have from (5.13) 


Dery )- 
I, = —esch 5 Tw(¢ee) + coth s Tolge) + Trol¢e). (6.1) 
“p “p 


The emitter current is similarly 


dw . 2w ‘ 
T,. =coth r I wo ¢e) — csch / I (ge) + Tnolye). (6.2) 
“p “p 


If p, > n,, then the /,9 terms can be neglected. However, the base current 
will not vanish but will be 


)- Very 
i, = +-f[,~ J, = | esch 2 = coth | |Utneo +- In (¢e)] 
— (6.3) 

2 sinh’ w/ZL, 
——__—— [I (ve) + Tmilee)]. 
sinh 2w/L,  ’ . , 


‘6 The variations in admittance discussed in connection with metal point contacts in 
an accompanying paper in this issue (W. Shockley, G. L. Pearson and J. R. Haynes, Bell 
Sys. Tech. Jl., July, 1949), arise from this cause; however, the nature of the contact is 
not as simple as here. 
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For w/L, large, the junctions do not interact and the hyperbolic coefficient 


becomes unity and J, = —[7,0(¢.) + J,0(¢c)]. 
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DISTANCE THROUGH SAMPLE , X=——> 
Fig. 11—p-n-p transistor. 
(a) Thermal equilibrium. 
(b) Operating condition. 


If y. is several volts negative, so that J,0(¢-) has 
Ts (see (4.11) and (4.20)), then the ratio —6/,6/, 


its saturation value 


= a has the value 


Ban 
é esch — 
él. L, , now (6.4) 
og — ; ). 
: 6] 2w Ly | 
coth 
Le 


For (2w/L,) = 0.5, 1, 2 respectively, a = 0.89, 0.65, | 


impedance Re will be very high when ¢, is in the reve 
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input impedance will be low, the power gain formula” ae’ Rx»/Ry will yield 
power gain even when a is less than unity. 

In certain ways the structure of Fig. 10 resembles a vacuum tube. In Fig. 
11, we show the energy band diagram, with energies of holes plotted upwards 
so as to be in accord with the convention for voltages. (a) shows the thermal 
equilibrium distribution and (b) the distribution under operating condi- 
tions. It is seen that the potential hill, which holes must climb in reaching 
the collector, has been reduced by ¢, . The n-region represents in a sense the 
grid region in a vacuum tube, in which the potential and hence plate current, 
is varied by the charge on the grid wires. Here the potential in the m-region 
is varied by the voltage applied between base and emitter. In both cases one 
current is controlled by another. In the vacuum tube the current which 
charges the grid wires controls the space current. Because the grid is negative 
to the cathode, the electrons involved in the space current are kept away from 
the grid while at the same time the electrons in the grid are kept out of the 
space by the work function of the grid (provided that the grid does not 
become overheated.) In Fig. 11, the electrons flowing into the base control 
the hole current from emitter to collector. In this case the controlled and 
controlling currents flow in the same space but in different directions because 
of the opposite signs of their charges. 

As this discussion suggests, it may be advantageous to operate the p-n-p 
transistor like a grounded cathode vacuum tube, with the emitter grounded 
and the input applied to the base. 

The p-n-p transistor has the interesting feature of being calculable to a 
high degree. One can consider such questions as the relative ratios of width 
to length of the n-region and the effect of altering impurity contents and 
scaling the structure to operate in different frequency ranges. However, 
we shall not pursue these questions of possible applications further here. 


ACKNOWLEDGMENT 


The writer is indebted to a number of his colleagues for stimulating dis- 
cussions and encouragement, in particular to H. R. Moore, G. L. Pearson and 
M. Sparks, whose experimental work, to be described in later publications, 
suggested development of the theory along the lines presented above. He is 
also indebted to J. Bardeen, P. Debye, G. Wannier and W. van Roosbroeck 
for theoretical comments and suggestions and especially to the last and 
to Mrs. G. V. Smith for valuable assistance in preparing the manuscript. 


16 Physical Principles Involved in Transistor Action, J. Bardeen and W. H. Brattain, 
Phys. Rev. 75, 1208 (1949). 











p-n JUNCTIONS IN SEMICONDUCTORS 475 
APPENDIX I 

A THEOREM ON JUNCTION RESISTANCE 
We shall here prove that the junction resistance is never less than the value 
obtained by integrating the local resistivity 1/qu(p + 6n). This is accom- 
plished by analyzing the following equation which we shall discuss before 
giving the derivation: 
rb 2 
1 ly 


lio = - ")dx + | (op — on) (eR OP ** —1) dx, 
qb. Za p ” bn r ' % Za 7 y : 


9 
rh 


the meaning of the symbols being that shown in Fig. 5. This expression is 
valid even if large disturbances in p and » from their equilibrium values 
occur. The second integral is positive since the integrand is never negative. 
It may be very large if ¢, — ¢, © k7T/q in some regions. If, in the first in- 
tegral, we consider that 7, and 7, may be varied subject to the restraint 
I, +1, = I, we may readily prove that the first integrand takes on a mini- 
mum value when 

pl bnI 


= p+ in snd J, = 
7) 


Ip pt bn’ 


For this minimum condition, the first integral becomes 
rp 
rl dx/qu(p + bn) = rR 
Ta 
where Ro is simply the integrated local resistivity. If 7 does divide in this 
way, the second integral is zero, a result which we can see as follows: 


lp = —qup dg,/dx 


I, = —qubn dy,/dx 


dep dx = Ie p 


dy,/dx I,,/bn 


Hence, if the current divides in the ratio of p to bn, then dy, = dg, and, 
SINCE Yp = On At Xa, Pp = En Everywhere and the second integral vanishes. 
In general, of course, the conditions governing recombination prevent 
current division in the ratio p:bn and then dg J > Ro. 
The equation discussed above is derived as follows: We suppose that 


¥ p\Xa) om Cn\ Va) = Ya 


LplXo) = Gnl(Xo) = ¢ 
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Then 
lig _ — (sep + T Yn) 
me . 
= -| (pep + Inn) ax 
Za dx 
Ib dl, dl, »Lh de de 
= Se a on} dx — a Mee ae ") dx. 
I (7: ert dx * ). Pr I ( » dx + dx - 
Since 
Le h yA aE ' 
s ~ — =e -—~ errr) 
and 
d Dn de, 
Zz = —I,/qup, 5 = —TJ,/qubn 


these two integrals are readily transformed into the ones previously dis- 
cussed. 
APPENDIX II 
ADMITTANCE IN A RETARDING FIELD 
We shall here derive the admittance equation for holes diffusing into a 
retarding potential Y = k7 x, gL, in which the potential increases by kT in 
each distance L,. The differential equation for the a-c. component of p is 
‘ 0 0 
iwp = a ee ge ee ; 
Tp Ox |. Ox Ox 
This equation may be solved by letting p = fi exp(iwl — yx) as may be 
seen by rewriting the equation and substituting this expression for p: 


p|? p 1 1 “4 < (1 + iwr,)p 


Ox" L. OX ™ 


- -yo| =1 + |p ~~ (1 + iwr,)p = 0 
I tT, 


a 
leading to 


, =i tlt @L Ly) (1 + iwry)}” 
— iw, ati 
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f 


The corresponding current evaluated at « = 0 where p = p; exp(iw!) = 
(p.gu/ kT )exp(iw!) is given by 


i aes Op, oy 
ne i| D Ox ba * | 


1 
-p| - y+ Le 


= gl + iwtp) p 


YT p 
png (1 + tel) 2L, — 
iT, i + [1 + (2L,/L,)*0 + iwr, pp? 
qup, 2L, (1 + twr,) tel 
eu °1+(1+ (QL,/L,)'( + ior, ¥? ~ ™ 
= Apne. 


This is equivalent to (4.32) in Section 4. 
APPENDIX III 
ADMITTANCE FOR Two LAYERS 


We shall here treat a case in which there is a thin layer on the n-side of 
the transition region in which recombination occurs much more readily 
than deeper in the n-layer. The case of an infinitely thin plane, discussed in 
Section 4, is a limiting case of this model. We shall suppose that the layer 
extends from « = —c to x = 0 while x > 0 corresponds to the »-region. We 
shall suppose that the potential in the layer is uniform with value y; whereas 
in the n-region it has value Y2 . The lifetimes of holes will be taken 7; and 72 
in the two layers. The solutions for p; and pe are evidently 


pi = pw + (Ae"~+Be™)e re A 


prt+iwt 


po = pot Ce- x>0 
where 

a= (1+ iwt,)'” VDr, = A+ iwr,)” i ¥ 

B= (1 + tere)? /+/ Dry = (1 + iwre)'”/Le. 
The boundary condition for continuity of ¢,, required to avoid singularity 
in 0¢,/0x, 1S 


avi skT 


pre” ee pie 








478 BELL SYSTEM TECHNICAL JOURNAL 


and, for continuity of hole current, is 0p; 0x = Ope/dx. Expressing these 
in terms of -1, 6, C, a and 8 for the a-c. components yields: 


A A RB = Ce™ Yo/kT CF 


so that 
A = (F + B/a)C/2. 
B = (F — B/a)C/2. 
Hence the ratio —[0p/dx]/p at x = —c is 
Olnp alA e** — Be“) a(l’a sinh ac + B cosh ac) 
: aa (A eter + Be-@*) ~ ~ Fe cosh ac + 8 sinh ac 
Since at x = —c, the a-c. component of fy is (gv kT) pwe'*', the admittance is 
A, = —— = (¢ Dpw/kT)(—9 In p/dx) 
VY 


— . \12 Fa sinh ac + B cosh ac 
= (qupw Li) + wr) : : ° 
Fa cosh ac + B sinh ac 


For c — 0, this transforms into 
5 1/2 . tw . 1/2 
(gupio 11) (1 + wT) — Fa = (Gul pro I) L2)(1 a 1wT2) , 


which agrees with Section 4, since pyo// then corresponds to p, . 

If c/l, and F are not large, an appreciable amount of recombination 
takes place for x > 0 for low frequencies. Dispersive effects will then occur 
corresponding to 72. The a-c. will not penetrate to x = O, however, 
if c(w/D)'” > 1 and the dispersive effects will then be determined by 7; . 

The frequency-dependent part of the admittance, 

, Fa sinh ac + 8 cosh ac 

(1 + iwry) | : : 
Fa cosh ac + 6 sinh ac 

has been coniputed and is shown in Fig. 7 for tr, = t2, F = 1, 71 = 72/9 and 
c/L, = 4. For these values about half the hole current reaches x = 0 for 
low frequencies. As the time constant for diffusion through the layer is 7,/81, 
as discussed in Section 4.6, the layer will act as a largely frequency-inde- 
pendent admittance well above the point for wr, = 1. This is reflected in 
the behavior of the curves of Fig. 7 and, for frequencies in the V wt range, 
it is seen that G is larger than S by about 50° of the low-frequency value of 
G; this split of G + iS into (})Gp plus approximately (3)Go (1 + iwr,)'” corre- 
sponds to the fact that about half the holes are absorbed in layer 1 for the 


assumed conditions. 
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APPENDIX IV 


TIME CONSTANT FOR THE CAPACITY OF THE TRANSITION REGION 


For this case we shall consider the case of holes in an a-c. field with po- 


tential 
kT [x xe 
a q (F ? r-) 


where the d-c. retarding field is RT /gl, and the a-c. field is k7/g/, where 
1/1, is considered small for the linear theory presented here. The expression 
for the current of holes is 


_»7/ 9 wp _ _,| ap 1 ans 
“— p| 2 + P (i + -)| 


We shall obtain a solution for p by jetting 
p a poe lt +. pr le tly e ast aad 


while neglecting recombination in this region so that p must satisfy the con- 
dition p = —4 (hole current)/dx leading to the differential equation 


a2 ¢ iwt\ J 
Op Op fl e ; 
D 7 t= - —p=0 
Ox? ox \L, I P 
There are three separate exponential dependencies of the variables leading 
to three equations (neglecting terms of order (1//1)°) 


~—z/I r D = 0 

e : Po td po E 7 

—albybiot. D 1 1 1 = = 0) 
¢ : Ayia ht 7 el eA 
eet, Dh — y/Lilbs — iwps = 0 


The first equation is satisfied by the equilibrium distribution and the 
second by 


pi = —fo D/tw LiL, 
and the last by 


—_ 1+ V1 4+ 4iwl?/D 
ape yim 


It is evident that dispersive effects set in when 


w = D/4L; 
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This corresponds to the result used in (4.31) in which (x7, — ¥7r,)/10 was 
used for .. For smaller values of w the current may be calculated and put 
in simple form by expanding y up to terms including w. The resulting ex- 
pression for the current is 


I = —iwg po LAL,-/ Lie 
This is interpreted as follows: The a-c. voltage across a layer L, thick is 
by = (kT/q) (L,/Lie™ 
and, if we consider plus voltage as producing a field from left to right, then 


the a-c. voltage across L, is V = —6éy. Substituting this for (L,/Li)exp(iwt) 
gives 


I = iwgpo L-(g/kT)V 


Here gpol, is the total charge in the layer L,, (gV/k7) is an average frac- 
tional change in this charge for V so that (qpol.,) (QV/RT) + V isa capacity. 
APPENDIX V 
THE EFFECT OF SURFACE RECOMBINATION 

In this appendix we shall consider the effect of surface recombination upon 
the characteristics of the p-m junction. As for Section 4 we shall illustrate 
the theory for the case of holes diffusing into n-type material. For sim- 
plicity we shall treat a square cross-section bounded by y = +w,s = +2, 
the current flow being along +2. 

We shall denote the a-c. component of p as 


fi = pr (x, 9, 2, b) 
At « = 0, the edge of the -region, we shall suppose that y, and y are inde- 
pendent of y and z so that we shall have 
pi(0, ¥, 2, t) sa Pe” = (Pn qu /kT)e 


by reasoning similar to that used for equation (4.5). The boundary condi- 
tion at the surface will be 


a ie Spi fory = +w 
oy 

This states that the recombination per unit area is sp; and is equal to the 

diffusion to the surface —Ddp,/dy. Similar boundary conditions hold for the 

other surfaces. By standard procedures involving separation of variables 

we may verify that the solution satisfying the boundary conditions is 


io 4] 
p= Dd aye **** cos By y cos Bz 


1,70 














pn JUNCTIONS IN SEMICONDUCTORS 481 


where the eigenvalues 8; are determined by the boundary condition 
Bw tan Bw = sb/D = x. 


We use 6; = 6,w for brevity later. Because of the symmetry of the boundary 
conditions it is not necessary to include sine functions in the sum. The value 
of a; is given by 


ay = (1 + iwr,)'/(Dris) 


where 7,; is the lifetime of a hole in the eigenfunction cos 8;y cos 8,3; i.e. 
Tj 1s the lifetime which makes 


p = exp (—1/r;;) cos 8; y cos 8; 5, 


a function which satisfies the surface boundary conditions, a solution of the 
equation 


ap/dt = DV'p — p/r = —D(Bi + B3)p — p/t 
where to simplify the subsequent expressions we have omitted the subscript 
p from +. This equation leads to 
2 2 1 
= D(Bi + Bj) + -- 
Tig T 


The coefficients a;; are readily found since the cos 8,y functions form an 
orthogonal set (as may be verified by integrating by parts and using the 
boundary conditions). The values are 


ai;/po = Asin 4; sin 4;]/0,0;[1 + (1/26,) sin 26,|-[1 + (1/28,) sin 28;] 


The current corresponding to this solution is 


I, = —qD | | (0p/dx) dy dz 


integrated over the cross section at « = 0. This gives 
I, = qDpwe' ¥ a; ;(a;; pw) (4, 6,6;) sin 0; sin 8, 


Substituting for a,; and inserting pio = p,ngt kT, we obtain an expression 
for the admittance 1, = [1/V. exp(iwf): 


4 sin® 0; sin? 6, 


Ay _ 4w™ Gu Pn Zi; ij rie 1 1 
6; 6; E + (G) sin 26.|| 1 + () sin 2, | 


where the sum plays the role formerly taken by (1 + iwt)!?/+/ Dr in equation 
(4.12); the factor 4w° is the area of the junction. 
We shall analyze the formula for the case in which recombination on the 
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surface is smaller than diffusion to the surface so that x is not large. The values 
of @;, over which the sum is to be taken, may be estimated as follows: in 
each interval of 6; of the form uz to (n + (4))z, 0; tan 6; varies from 0 to ~, 
giving one solution to 6; tan 6; = x. For x small, the solutions are approxi- 
mately 


% = sin 0 = tan 0 = ~/x 


(= a+ x/m7; — sind = tan = x/x 


6, = nm + x/nmr; (—1)" sin 0, = tan 6, = x/nr 
From this we see that the terms in the sum are as follows: 
ao: 4x" x4 = ano 
2, 2 2, 4 4 
ano 2(x/nr) /(nt) = an.~2x /n 
4, 4 4 8 
Quam: 4x /nm at 
From this it is evident that unless x is large, the series converges very 


rapidly. (This conclusion is not altered when the increase in a@nm With B,8m is 
considered.) Thus the dominant term in the admittance is 


dw" qupo (1 + iwrm)!?/W/Droo 


where 
; I 25 
1/T00 = 2 > (09) + 1/r 
D SH’ , 
‘5° 
= 2(°)+4+ 1/7 


This expression is valid only for sw/D small so that 6 = sw/D. The term 
s/(w/2) represents the rate of decay due to holes recombining on the surface, 
s having the dimensions of velocity. For w > 1/7, the admittance becomes 
4ie*gufo(iw/D)'*, the same value as given in equition (4.12) for large w and 
an area 4w”*. 

The conclusion from this appendix is that for x small, the effect of surface 
recombination is simply to modify the effective value of 7 and otherwise leave 
the theory of Section 4 unaltered. 

For very large values of x, it is necessary to consider higher terms in the 
sum and several values of 7 will be important. Under these conditions the 











p-n JUNCTIONS IN SEMICONDUCTORS 483 


approximation is that, at x = 0, p; is independent of x and y may become a 
poor one, especially for forward currents, because the transverse currents to 
the edges will be important. Under these conditions the role of surface re- 
combination will give rise to patch effects of the sort discussed in Section 4. 
APPENDIX VI 
THE EFFECT OF TRAPPING UPON THE DIFFUSION PROCESS 

In this appendix we shall investigate the effect of the trapping of holes 
upon the impedance. We denote the density of mobile holes in the valence- 
bond band by p and the density of holes trapped in acceptors by p,. For 
thermal equilibrium at room temperature there will be an equilibrium ratio, 
called a, for p,/p. For germanium a = 10~‘ and for silicon a = 0.1 to 0.2. 

We shall consider four processes which occur at rates (per particle per 
unit time) as follows: 
vy, direct recombination of a hole with an electron (free or bound to a donor) 
vy, trapping of a hole by an acceptor 
Vra recombination of a hole trapped on an acceptor 
v. excitation of a trapped hole into the valence-bond band. 

Under equilibrium conditions as many holes are being trapped (rate py.) 
as are being excited (p,v.): hence v; = ar. 

We shall study solutions of the customary form for the a-c. components: 


iw t— 
pi _ Pro e' ™ 

iwt— 
Pia = Piao e ~ 


These must satisfy the equations 


pr 
Pra = Vipy — We FT Vra) Pia 


DV’ py = (eet Vr) pr si VePia 


These lead readily to the equation for y: 


j 


Dy = iw + vp t+ ve — vevs/(iw + ve + ve) = tw 


Vet VY, 
19 F 1-, 5 = 
wks (ve + Ya) + 5 Tem | (Ye + ra) + w/(¥e + = 


From this equation we can directly reach the important conclusion that 
the trapping process can never lead to a capacitative term larger than the 
resistive term. This result is obtained by analyzing the complex phase of y, 
the admittance being proportional to y. In particular, we find that the real 
term in Dy’ is always positive, as may be seen from inspection, so that the 
complex phase angle of y is less than 45°. 

The form reduces to a simple expression if vy, and v; are very large com- 








48-4 BELL SYSTEM TECHNICAL JOURNAL 
pared to v,, ¥;q and w, a situation which insures local equilibrium between 
p and pa. Under these conditions we obtain 
Dy = jw[l + a] + v, + arya 
Dividing by (1 + a) gives 
, ‘ 2 la 2 . Vy + Pa Vra 
[D/(1 + a)ly* = (Dp/(p + pally” = iw + ? 
pb + pa 
The interpretation is that the holes diffuse as if their diffusion constant were 
reduced by the fraction of the time p/(p + pa) they are free to move and 
recombine with a properly weighted average of v, and vya . 
APPENDIX VII 
SOLUTIONS OF THE SPACE CHARGE EQUATION 
We shall first show that the space charge equation (2.11) has a unique 
solution for the one dimensional case. For simplicity we write (2.11) in 
the form 
du ” 
~ = sinh w — f(x) (A7.1) 
dx* : 
to which it can be readily reduced. We shall deal with the case for which 
f = faforx < X% (A7.2) 
f=fforx > m> % (A7.3) 


so that the interval (v4, .%) is bounded by semi-infinite blocks of uniform 
semiconductor. We shall require that « be finite at. = +x. This boundary 
condition requires that for large values of | x | 


“= U,+A,e x7 — oo (A7.4) 
u= t+ Are '™ x7 +n (A7.5) 
where 
sinh #, = f., sinh uw, = fo 
a se \1/2 a ies | \1/2 
Ya = | (cosh %,) |, Yo = | (cosh um)" | 


(If the opposite signs of the y’s were present, the boundary conditions would 
not be satisfied.) The exponential solutions are valid for |« — u4| or 
u — um) <1. For larger values, however, solutions exist which are ob- 
tained by integrating (A7.1) to larger or smaller values of .v. 
lor these extended solutions the values of u(x, 1,4) and u’(x, Ae) (= du/dx) 
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are monotonically increasing functions of Ag. This may be seen by con- 
sidering x = x4. For Aq sufficiently small, the value of u(x., Ac) and w’ (x4, Aa) 
are given simply by (A7.4). For larger values of Ag, an exact integral will be 
required. It is evident, however, that all solutions of the form (A7.4) are 
related simply by translation for x < x4. Hence increasing A, is simply 
equivalent to integrating (A7.1) to larger values of x and it is evident that 
this increases wu and u’ monotonically. It may be verified that for a sufficiently 
large Aq the solution becomes infinite at x, so that u(x, Ag) U(X, Aa) both 
vary monotonically and continuously from — * to + as Aq varies from 
negative to positive values. We shall refer to this property of u(xa, Ac), 
e'(t., Ag) a8 P;. 

We next wish to show that w(x, Aa), u(x, Aa) has the property P, for 
values of x; > x.. To prove this we note that if for any 1, u(a%,, Aq) and 
u(x, , Aq) are finite, the solution may be integrated somewhat further to 
obtain u(x2, Aq), u(x. , A.) for x. > x, . From equation (A7.1) it is evident 
that an increase in either u(x; , a) or u’(x,; , a) will result in an increase in 
d@u/dx* in the interval x, < x < x, so that w and w’ at x, are monotonically 
increasing functions of u and w’ at x,. Hence if w and wv’ at x, have the 
property P; , so do u and w’ at x2. By extending this argument we conclude 
that « and w’ at any value of x have the property P; . (A rigorous proof 
can easily be completed along these lines provided that ! f(.) | is finite.) 

Similarly it may be shown, starting from (A7.5), that u(x, A,) is a mono- 
tonically increasing function of 1, and «’(x, Ay) isa monotonically decreasing 
function of l,. 

In order to have a solution satisfying (A7.4) and (A7.5) we must have, 
for any selected point x, 


u(x, fa) = u(x, Ad) (A7.6) 
u'(x, Ag) = u’(x, Ap) (A7.7) 


Now as the equation u(x, 44) = u(x, Ay) varies from — * to +, u’(x, Aa) 
varies from — * to + and u’(x, -1,) varies from + * to — «, monotoni- 
cally and continuously. Hence there is one and only one solution of (A7.1) 
satisiying (A7.4) and (A7.5). 

In order to verify that the solutions discussed in Section 2 are correct for 
large and for small A, we show schematically in Fig. Al the solution for a 
representative A as a dashed line together with the curve « = wo(v) = sinh” 
y. In terms of mo, equation (2.16) becomes 


du 


1 . — 
~ = ~— (sinh # — sinh u%). (A7.8) 
dy" k* 
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From the symmetry of the equation, it is evident that « must be an odd 
function of y and hence that the solution must pass through the origin. 
The boundary condition in this case will be that « — u, for y > + so that 
there will be no space charge far from the junction. We can conveniently use 





the origin as the point at which the solution from y = + % joins that from 
y = — *; from symmetry, this requires merely that « = 0 when yv = 0. 
Uo = sinh'y —— 
sh 
o 
a 
a 
4 
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Fig. Al—Behavior of the solution of Equation (2.16) or (A7.8). 


. . ‘ l , , 

For large negative y, 4 = sinh’ y and du/dy = 1/cosh wo so that du/dy 
is small. It is at once evident that, for large values of A, « must lie above mo 
so that the integral 


(1/K*) [ (sinh « — sinh mu) dy = - (A7.9) 
~ oo ay 


will be large enough to make the solution “(y) pass through the origin. If 
u — uo > 2 over the region of largest difference, the space charge will be 
largely uncompensated and the solution will correspond to that used in 
equation (2.18). On the other hand, as K — 0, the requirement that u(y) 
pass through the origin leads to the conclusion that # — m must be small for 
all values of y. The possibility that # oscillates about wu need not be con- 
sidered since it may readily be seen that, if for any negative value of y, 
say y1, both u(y.) and w’(y;) are less than wo(y1) and w’(y1), then u(y) and 
u’(y) are progressively less than to(y) and uo(¥) as y increases from y, to 0. 
Hence, if for negative y the wu curve goes below the w# curve, it cannot pass 
through the origin. 
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APPENDIX VIII 
List OF SYMBOLS 

(Numbers in parentheses refer to equations) 
a= (Na — N,)/x (2.14) 
A == admittance per unit area of junction (4.23) 
A, = component of A due to hole flow into n-region (4.12) (4.24) 
A, = component of A due to electron flow into p-region (4.25) 
Ay = component of A due to varying charge distribution in transition 

region 

A also used as a constant coefficient in various appendices 
b = ratio of electron mobility to hole mobility 
6 = symbol for base in Sections 5 and 6 
B constant coefficient in various expansions in appendices 
c = symbol for collector in Section 6; a length in Appendix III 
C = capacity per unit area 
C,, Cy (4.25) (4.27) as for A,, A> 
Cr (2.42) (2.45) (2.56) as for Ar 
D = diffusion constant for holes (6D is the diffusion constant for electrons) 
em 2.496... 
f see Appendix 7 
g = rate of generation of hole-electron pairs per unit volume (3.1) 
G = conductance per unit area of junction 
G,, G, as for A’s 
j= f=] 
/ = current density 
»,/» = current densities due to electrons and holes (2.5) (2.6) (4.10) 
Tho, LT po Tp: (4.11) (4.12) (4.18) (4.19) 
sy /ns, Ts Saturation reverse current densities (4.11) (4.18) (4.21 
T, see text with (4.35) 


~ 


~™ 


J = subscript in Section 3 for junction Fig. 5 equation (3.11) 

k = Boltzmann’s constant 

AK = space charge parameter (2.17) 

L = length 

Le = n/a (2.15) 

Ly = Debye length (2.12) 

L,, Ly = diffusion lengths for electron in p-region and holes in n-region (4.8) 
L, = length required for potential increase of k7/q in region of constant 


field (4.32) Appendices II and IV 
/, corresponds to a-c. field, Appendix IV 
n = density of electrons 
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Nn, Ny» = equilibrium densities of electrons in n- and p-regions 
p = density of holes 

Pn, Pp = equilibrium densities of holes in x- and p-regions 

po = d-c. component of non-equilibrium hole density (4.3) 


pi exp(twt) = a-c. component of non-equilibrium hole density (4.3) 

P = total number per unit area of holes in specimen (2.35) 

q = electronic charge (g = q_) ) 

Q = gP = total charge per unit area (2.39) 

r = recombination coefficient for holes and electrons (3.1) 

R = resistance of unit area 

Ro = resistance of unit area obtained by integrating conductivity (3.10), 


Appendix I 
R, = effective series resistance, discussed in connection with (3.13) 


s = rate of recombination ver unit area of surface per unit hole density, 
Appendix V 

S = susceptance per unit area (imaginary part of admittance) 

Sp ’ Sn ’ Sras for A’s. 


t = time 

T = temperature in °K 

T = subscript for transition region 

u = Qh/kT (2.9), qi — gr) /RT (2.32), Appendix VII 

and ye" = d-c. and a-c. components of voltage applied in forward direc- 
tion (4.2) 

HW” = width of space charge region in abrupt junction, Section 2.4 

w = half thickness of -region or transistor base of Sections 5 and 6. 

w = half width of square rod in Appendix V. 

*« = coordinate perpendicular to plane of junction 

y, 5 = transverse coordinates, Appendix V 

y = reduced length (2.17), Appendix VII 

c@ = current gain factor in transistor (6.4) 

a = parameter in Appendix III and VI 

a@,; = parameter in Appendix V 

3; = parameter in Appendix V 

yy = parameter in Appendices II, IV and VII 


“a 


faa] 


= symbol for emitter Section 6 

§; = Bw Appendix V 

x = dielectric constant 

uw = mobility of a hole (bu = mobility of electron) 
vy = rates of recombination etc., Appendix VI 
p = charge density (2.1) 
o = conductivity 
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a, = conductivity of intrinsic material (4.15) 
o, = conductivity of n-region = gbun,, 
a, = conductivity of p-region = qup, 


r = time 

Tn, Tp = life times of electrons in p-region and holes in n-region (3.2) (3.3) 
(4.7) 

tT, = relaxation time of transition region, Appendix IV 

; ¢p,¢n = Fermi level and quasi Fermi levels (2.2) (2.4) 

é¢ = applied voltage across specimen in forward direction, Section 2.3, 
(4.2) 

x = sw, D in Appendix V 

¥ = electrostatic potential (2.2) 

w = circular frequency of a-c. (4.2) 








Band Width and Transmission Performance 


By C. B. FELDMAN and W. R. BENNETT 


In modern communication theory band width plays an important role as a 
transmission parameter. The authors discuss the significance of signal band 
width and frequency occupancy in relation to other transmission factors such as 
power, noise, interference, and overall performance for certain specific multiplex 
systems under assumed operating conditions. The intent of the paper is to 
show how such problems may be attacked rather than to find an unequivocally 
best system. 

The scope of the paper is described by the following table of Headings and 
Captions. 


I. INTRODUCTION 


Fig. 1. Outline of multiplex transmission methods 

1. Non-simultaneous Load Advantage in FDM 

Table I. Non-Simultaneous Multiplex Load Advantage 

2. Instantaneous Companding Advantage in Time Division 

Fig. 2. Performance of an experimental instantaneous compandor 

3. Non-simultaneous Load Advantage in Pulse Transmission 

Fig. 3. Quantizing noise in each channel when PCM is applied to an FDM group 

4. Signal Band Width and Frequency Occupancy 

5. Regeneration and Re-Shaping 

». The Radio Repeater 

‘ig. 4. Arrangement of two-way two-frequency repeater of television type 
showing spacing of bands and antenna discrimination 


Fig. 5. Discrimination of L.F. and R.F. circuits in television type repeater 


—_—oO 


I. BAND WIDTH CHARACTERISTICS 


Fig. 6. Basic pulse shape and its spectrum 

Fig. 7. Marginal condition in reception of AM pulses and an FM wave in presence 
ol noise. 

ig. 8. Time allotments in Pulse Position Modulation 

ig. 9. PPM-AM; fluctuation noise. Relations between band width, power, and 
signal-to-noise ratio. 

Fig. 10. PPM-AM; CW and similar system interference. Relations between 

band width and signal-to-interference ratio. 

Fig. 11. PPM-FM;; fluctuation noise 

Fig. 12. PPM-FM; CW and similar system interference 

Fig. 13. PAM-FM; fluctuation noise 

Fig. 14. PAM-FM; CW and similar system interference 

Fig. 15. PCM-AM; peak interference 

Fig. 16. PCM-FM,; fluctuation noise 

Fig. 17. PCM-FM; CW and similar system interference 

Quantized PPM 

Fig. 18. Comparison of quantize] PAM with quantized PPM 

Fig. 19. FDM-FM;; fluctuation noise 

Fig. 20. FDM-FM; CW interference 


Il. BAND WIDTH AND POWER TABLES 


Table If. Optimum Band Widths for Minimum Power for Message Type Circuits 
Table III. Optimum Band Widths for Minimum Power for Program Type Cir- 
cuits 
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Table 1V.) Minimum Band Widths and Corresponding Power Requirements for 
Message Type Circuits 

Table V. Minimum Band Widths and Corresponding Power Requirements for 
Program Type Circuits 


IV. FREQUENCY OCCUPANCY TABLES FOR RADIO RELAY 

t. Antenna Characteristics 

Fig. 21. Directional selectivity of microwave antenna 

Fig. 22. Simplified route patterns for study of selectivity required in congested 
localities 

lable VI. True Frequency Occupancy of Various Message Grade Radio Relay 
Systems for Congested Routes 

Table VII. True Frequency Occupancy of Various Program Type Radio Relay 
Systems for Congested Routes 

2. Conclusions as to Radio 

lable VIII. Comparisons of Band Width and Frequency Occupancy for Systems 
of Equal Ruggedness 


V. MORE ABOUT THE NON-SIMULTANEOUS LOAD ADVANTAGE 


fig. 23. Theoretical possibilities of exploiting non-simultaneous load advantage 
by an elastic PLM-AM system 


VI. OVERLOAD DISTORTION AND NOISE THRESHOLD 


Hig. 24. Noise threshold and overload ceiling in frequency divided PCM groups 
Fig. 25. Overload characteristics of multirepeater systems 


VII. PULSES, SPECTRA, AND FILTERS 
Fig. 26. Typical pulses and their spectra 
1. Pulses for PPM 
2. Pulses for PAM 
3. Pulses for PCM 
4. Optimum Distribution of Selectivity Between Transmitting and Receiving 
Filters 
Vig. 27. Crossfire between frequency divided pulse groups 
§. Delay Line Balancing 
VILL. TRANSMISSION OVER METALLIC CIRCUITS 
Fig. 28. Variation of circuit length with number of repeater sections in an AM 
system with fixed power capacity and noise figure 
Fig. 29. Optimum number of repeater sections and maximum cir-uit length for 
metallic AM system with fixed power capacity and noise figure 
Fig. 30. Optimum number of repeater sections and maximum circuit length for 
metallic FM system with limiting only at end of system 
Fig. 31. Optimum number of repeater sections and maximum circuit length for 
metallic PPM-AM system with reshaping at every repeater 
Fig. 32. Optimum number of repeater sections and maximum circuit length for 
metallic FM system with limiting at every repeater 
Fig. 33. Relation between circuit length, power, and number of repeaters in radio 
relay systems 
IX. CONCLUSIONS 
X. APPENDICES 
Appendix I. Noise in PCM Circuits 
Fig. 34. Stepping and sampling an audio wave 
Fig. 35. Variation of quantizing noise with sampling frequency 
Appendix II. Interference Between Two Frequency Modulated Waves 
Fig. 36. Geometric solution for resultant phase of two frequency modulated 
waves 
Appendix III. PCM for Band Width Reduction 
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Appendix IV. Supplementary Details of Derivation of Band-Width Curves 
Appendix V. Sampling a Band of Frequencies Displaced from Zero 
Fig. 37. Minimum sampling frequency for band of width W 


List OF FREQUENTLY USED SYMBOLS 


B = radio signal band width in megacycles. (Not to be confused with frequency oc- 
cupancy). 

b = base or radix of PCM system. 

8 = peak-to-peak frequency swing of FM systems in megacycles. 

I’, = width of baseband (video band) in megacycles. 

f, = repetition or sampling frequency in megacycles. 

K = load rating factor (amplitude ratio). 

log = logarithm to base 10. 

In = logarithm to base e. 

= = number of channels in a multiplex system. 

n = number of digits ina PCM system or number of spans in a multirepeater system. 

P = wanted carrier amplitude. 

P, = mean fluctuation noise power per megacycle. 

Q = interfering carrier amplitude. 

S = span length in miles. 

(° = band spacing factor 


I. INTRODUCTION 


iy RIER systems for the transmission of many telephone channels on 
a single metallic circuit have grown to be very important in the 
telephone network. Since the development of the coaxial cable system in 
which 480 channels are transmitted in a 2-mc baseband, advances in high 
frequency techniques, including the war-accelerated microwave art, have 
inspired efforts to utilize the broad band capabilities of high transmission 
frequencies. Some of the efforts have related to the wave-guide conductor 
but mainly they relate to radio relay transmission. As a consequence of 
these efforts a considerable number of new multiplex methods for use at 
microwave frequencies have been devised. All of these methods employ 
bandwidth more liberally than the 4 ke per channel rate associated with 
single sideband carrier systems, in return for which various transmission 
advantages are obtained. Theoretically, transmission advantages can be 
sacrificed to permit bandwidth reduction but the transmission requirements 
then become very severe. Bandwidth as a transmission parameter has 
grown to a prominent position in modern communication theory as set forth 
by Shannon et al.!: ? ° 

The liberal use of bandwidth, employed in an effective way, operates to 
permit higher noise and distortion within a system and, in the case of radio 
relay systems, operates to permit higher interfering signals from other radio 
systems. When all the frequency space necessary to avoid mutual inter- 

1C. EF. Shannon, “A Mathematical Theory of Communication,” Bell Sys. Tech. J1., 
Vol. 27, pp. 379-423, 623-654, July-Oct. 1948. 

2B. M. Oliver, J. R. Pierce and C. FE. Shannon, “The Philodophy of PCM,” Proc. 
1. R. E., Vol. 36 (1948), pp. 1324-1331. 


3C. E. Shannon, “Communication in the Presence of Noise,” Proc. ].R.E., Vol. 37 
(1949), pp 10-21. 
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ference between systems in a congested area is taken into account, certain 
wide-band methods, less vulnerable to interference, may be as or more 
efficient in the use of frequency space’than other narrower band multiplex 
methods. 

The principal purpose of this paper is to examine, for various systems, the 
relations governing the exchange between frequency space and transmission 
advantages. 

It will be shown that the preferred multiplex method depends in part 
upon: 

1. The grade of facility required; low-grade and high-grade channels lead 
to different preferences. These preferences also are influenced by the length 
of circuit. 

2. The nature of the transmission obstacle over which advantage is 
sought. These obstacles may be: (a) intrasystem distortion (phase distor- 
tion, overload distortion, etc.) and noise; (b) intersystem interference as 
between similar radio systems or between different types of radio systems, 
operating on the same frequency. 

Other factors beside the transmission considerations discussed here are 
likely to be involved in a practical multiplex application; hence the system 
preferences arrived at in this study may not be the controlling factors in 
practice. 

Before a detailed analysis is undertaken, it may be helpful to examine and 
comment upon the chart shown in Fig. 1. All of the multiplex methods 
shown here have been studied sufficiently to permit their approximate 
evaluation with the aid of some theoretical considerations and subject to 
certain qualifications as pointed out from time to time. Variations and 
combinations of these are possible, some of which will be discussed later. 

In addition to the two general classifications of frequency and time 
division there is a third type based on carrier phase discrimination. A 
familiar example is the quadrature carrier system,’ which is capable of 
vielding two channels for each double sideband width. In another form® 
each of .V channels is modulated simultaneously on 2 carriers with a 
different set of carrier phases provided for each channel. Time division 
multiplex may be regarded as a kind of phase discrimination in which the 
signal is modulated on harmonic carriers so phased as to balance out except 
during the channel sampling time intervals. In true phase discrimination, 

4 A comprehensive listing and discussion of various combinations will be found in a 
recent paper by: V. D. Landon, “Theoretical Analysis of Various Systems of Multiplex 
Transmission” R.C.A. Review, vol. IX, numbers 2 and 3, June-Sept. 1948, pp. 287-351, 
438-482. 

5H. Nyquist, “Certain Topics in Telegraph Transmission Theory,” A.J.E.E. Tran 
April, 1928, pp. 617-644. 


®W.R. Bennett, “Time Division Multiplex Systems,” Bell Sys. Tech. Jl. Vol. 20, pp. 
199-221, April, 1941. 
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however, there need be no separation of channels in either time or frequency, 
and a homodyne detection process is required at the receiver for channel 
selection. The necessary precision of instrumentation seems in general 
more difficult to achieve than with either frequency or time division, and 
only minor prospects appear for exchange of bandwidth for transmission 
advantage. 

Of the systems tabulated, the frequency division method (FDM) with 
single-sideband suppressed-carrier transmission is the only method in which 
bandwidth cannot be traded for some transmission advantage.’ This 
system will be used as a standard of comparison. The PAM method, with 
transmission by AM pulses, can trade upon bandwidth only as a means for 
reducing interchannel crosstalk. In the other pulse systems, as well as all 
systems using FM, bandwidth may be expended to gain advantage over 
noise, intersystem interference, and, generally speaking, intrasystem distor- 
tion and noise. 


NON-SIMULTANEOUS LOAD ADVANTAGE IN FDM 


The non-simultaneous load advantage pertaining to frequency division 
multiplex refers to the fact that the channel sidebands rarely add to an 
instantaneous value even approaching the value V times the peak value for 
one channel. This means that the required peak capacity of a relay system 
transmitting the .V channels increases slowly with VV. Current toll trans- 
mission practice provides for relative power capacity roughly as follows.* 


TABLE [ 
NON-SIMULTANEOUS MULTIPLEX LOAD ADVANTAGE 


N ea og Power Advantage 
1 0 db } 0 
10 +6 db 20 — 6= 14db 
100 +9 db 40 — 9 = 31 db 
500 +13 db 54 — 13 = 41 db 
1000 +16 db 60 — 16 = 44 db 


To emphasize the strikingly large non-simultaneous load advantage statisti- 
cally obtainable with conversational speech we may examine Table I and 
note, for instance, that the capacity of a 1000-channel system is completely 


7 We have in mind here a system such as Type Kk or L in which a minimum separation 
of adjacent channels in frequency is used. It 1s true that by spreading the channels far 
apart in frequency, a reduction in cross-modulation falling in individual channels could be 
obtained, but the resulting amount of improvement is minor compared with that offered 
by a corresponding band increase in the other systems. 

5B. D. Holbrook and J. T. Dixon, “Load Rating Theory for Multichannel Amplifiers,” 
Bell Sys. Tech. Jl., Vol. 18, pp. 624-644, October, 1939. The values in the table come 
from curve C, Fig. 7, taking the single channel sine wave power capacity as +9.5 dbm. 
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used up by peak instantaneous voltage when 994 channels are disconnected 
and 6 carry full-load tones. 

If a group of carrier channels in frequency-division multiplex were trans- 
lated to microwave frequencies, the overload distortion affecting the trans- 
mission would be predominantly of the third-order class. To a first approxi- 
mation the third order distortion follows a cube law and may be predicted 
from the single-frequency compression. We assume here that the power 
capacity of the repeater is the output at which the single frequency com- 
pression occurring through the ccmplete system does not exceed 1 db.° 
This criterion applies roughly to systems of several hundred channels 
capacity, and to present transmission standards. 


INSTANTANEOUS COMPANDING ADVANTAGE IN TIME DIVISION 


In time-division systems, as ordinarily understood and known in the 
current literature, each channel successively is provided with its full-load 
capacity, and thus a non-simultaneous load advantage does not accrue. 
However, because of the sampling process, instantaneous compression may 
be applied at the transmitting terminal before noise and distortion are en- 
countered; when complementary expansion is applied at the receiving term- 
inal the noise is suppressed. The expanded samples derived at the receiving 
terminal then bear an improved relation to noise, particularly in the case of 
weak samples. Such an instantaneous companding process applied without 
sampling to a continuous speech wave requires a greatly increased trans- 
mission band between compressor and expandor but, in a time division 
system, no more bandwidth is needed to transmit the speech samples after 
they have been compressed than before. An instantaneous compandor 
currently being used experimentally to handle 12 channels in time division 
has the noise performance characteristics shown"? in Fig. 2. It is shown as 
applied to a telephone system in which the channel noise power (unweighted) 
would be 45 db down from the power of a sine wave which employs the full 
load capacity provided for the “loudest talker”. Abrupt overloading is 
assumed to take place when peak amplitudes exceed that of the full-load 
tone. The location, at —7.5 on the load scale, for the power representing 
the very loud talker (one in a thousand) conforms approximately to current 
practice. The speech volumes, referred to the point of zero db transmission 
level, are shown for the sake of completeness. 


®In a multi-repeater system the compression accumulates. This means that each re- 
peater must be restricted to operate approximately 10 log n db below the | db compression 
point of one repeater. (n denotes the number of repeaters.) See Section VI. 

10 Use of the same curve to represent the performance with tone or speech implies an 
independence of wave form which is not rigorously valid. Calculations based on speech- 
like signals have indicated that the curve for tone loading is a good approximation when 
average power is used as the criterion in the manner shown. 
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The compression and expansion result in a uniform improvement of 26 db 
for weak signals including the ‘‘very weak talker” and a lesser improvement 


for stronger signals. The noise power in the absence of speech is 71 db 


SPEECH VOLUME IN VOLUME UNITS (vu) 
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Fig. 2—Performance of an experimental instantaneous compandor. 


below the power of the full load sine wave which the channel is designed to 
handle. The performance is substantially equivalent for telephone purposes 
to a 71-db circuit without companding, in spite of the fact that for all except 
the very weak talkers the average noise is greater than with the 71-db circuit. 
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The noise is increased (over the 71-db value) by the compandor only in the 
presence of speech and then only in proportion (roughly) to the amplitude, 
and so becomes masked by the speech. The masking is sufficient to make 
impairment of medium and loud speech imperceptible provided that the ratio 
of speech power to noise power is greater than about 22 db. Under these 
conditions we are justified in defining the equivalent signal-to-noise ratio in 
terms of the low level noise. 

For compandors with a more drastic characteristic, yielding more low- 
level improvement, the high-level noise increase is enhanced and the limit 
to this enhancement is controlled by the ‘‘uncompanded”’ signal-to-noise 
ratio (the ratio without companding.) Thus the amount of low-level im- 
provement that is permissible from the standpoint of high-level performance 
is determined by the uncompanded signal-to-noise ratio. Experiments 
have shown that the permissible low-level improvement increases several db 
for each db increase in uncompanded signal-to-noise ratio. Another way of 
putting it is that the value of the equivalent signal-to-noise ratio in the speech 
channel determines the amount of compandor advantage which may be 
invoked to attain that ratio, and that the permissible compandor contribu- 
tion increases nearly as fast as the equivalent signal-to-noise ratio. The 
uncompanded signal-to-noise ratio is thus required to increase only slightly. 

For the 45 db uncompanded signal-to-noise ratio of Fig. 2 the compandor 

: g 
could have been designed to yield more than the 26 db low-level improvement 
shown without impairing high-level performance. In the time-division 
systems of message grade with which we will deal later, a 22 db compandor 
advantage is assumed." 

In the quantized systems included in the PCM heading the instantaneous 
compandor advantage applies to the granularity, or quantizing, noise in the 
same way as to the common kinds of noise which plague other systems, The 
compandor of Fig. 2 was actually used in an experimental PCM system.” 
A discussion of quantizing noise appears in Appendix I and a more compre- 
hensive treatment appeared in the Bell System Technical Journal recently.” 

In transmitting frequency divided groups of channels by pulse methods" 

This is the maximum compandor advantage permissible for a circuit equivalent to 57 
db signal-to-noise ratio. We will use this figure in connection with power requirements for 
circuits whose signal-to-noise ratio is intended to be equivalent to 60 db but since we pre 
sume that interference or crosstalk may be present in an amount equal to noise and since 
the compandor acts on interference as on noise we must protect against high level impair 
ment on the basis that the noise is 3 db greater. 

2. A. Meacham and E. Peterson, “An Experimental Multichannel Pulse Code Modu- 
lation System of Toll Quality”, Bell Sys. Tech. Jl., Vol. 27, pp. 1-43, Jan. 1948. 

8 W.R. Bennett, “Spectra of Quantized Signals,” Bell Sys. Tech. Jl. Vol. 27, pp. 446 
472, July, 1948 

If the group occupies a frequency range extending from zero to F., the minimum 
sampling rate is well known to be 2/y._ If the group range does not start at zero frequency 
the minimum sampling rate is not twice the highest frequency of the group but lies be- 


tween two and four times the width of the band depending on the location of the band. 
This matter is treated in Appendix V. 
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the instantaneous compandor advantage is substantially zero because, at 
full system load, companding actually increases the total noise. In time 
division the noise is increased at full load by companding but, as discussed 
earlier, this is permissible because full load occurs only with loud talkers 
who mask the noise. In a frequency divided group transmitted by pulse 
methods nearly full load may be produced when a number of loud talkers 
are momentarily active; the weak talkers then enjoy no improvement due 
to companding but may, on the contrary, suffer some degradation. 


NON-SIMULTANEOUS LOAD ADVANTAGE IN PULSE TRANSMISSION 


Transmission of a frequency-divided group by pulse methods does, how- 
ever, permit the realization of a portion of the non-simultaneous load ad- 
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Fig. 3—Quantizing noise in each channel when PCM (128 equal steps) is applied to 
an FDM group. 





vantage in lieu of the instantaneous compandor advantage realizable in time 
division. A pulse system, designed to carry .V channels in time-division 
with a certain full load signal-to-noise ratio (without companding) may also 
be used to carry .V channels in frequency division. These V channels in 
frequency division may be treated as a single channel .V times wider than 
the time-divided channels and sampled \ times faster. The ratio of the 
full-load signal in this wide band to the noise in the wide band turns out 
to be the same as the corresponding ratio in each of the narrow, time-divided 
channels. This fact makes the transmission of large groups of frequency- 
divided channels advantageous compared to small groups. For instance, in 
a 100-channel frequency-divided group, a single channel would have avail- 
able a total load capacity which is 9 db less than that for the multiplex 
group. This comes from Table I, which shows that 100 channels require 
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9 db more range than one channel. This makes the signal-to-noise ratio in a 
channel 9 db lower than if all of the entire load capacity were devoted to that 
channel. However, in the 100-channel group a single channel receives only 
1% of the noise power in the entire band, so a 20 db improvement accrues 
on this score. The net improvement is 20 — 9 = 11 db. Applied to a 128 
step PCM system in which the full-load signal-to-noise ratio is 45 db® (7 
digits binary PCM), the full-load signal-to-noise ratio in one channel of a 
100-channel group thus becomes 45 + 11 = 56 db. With smaller groups 
than 100 channels the signal-to-noise ratio falls to 45 db while for larger it 
reaches 59 db, as shown in Fig. 3. Better results than these are obtainable 
with time division and instantaneous companding, as shown in Fig. 2, but 
these results may have significance in relation to the transmission of tele- 
vision by a pulse method, such as PCM. If a 128-step system were used, a 
large frequency-divided group of telephone channels filling the television 
band could be substituted for television when desired. 

A more powerful application of the non-simultaneous load advantage in 
time division will be discussed later in Section V. 


SIGNAL BAND WIDTH AND FREQUENCY OCCUPANCY 


We define signal band width as the width of the signal spectrum (or more 
realistically as that portion of the signal spectrum which must be preserved 
in order to make the signal sufficiently undistorted). Frequency occupancy 
is greater than signal bandwidth in two respects: 

First, the frequency range accepted by the receiving filter at the end of 
each span must be greater than the signal band for reasons of filter imperfec- 
tion. In all of the pulse or FM systems it would be advantageous from the 
circuit point of view to make the receiving filter much wider in order thereby 
to reduce the phase distortion over a small central frequency range occupied 
by the signal band. The assigned frequency space must include the entire 
band accepted by the receiving filter. Our comparisons will assume that the 
filters make use of an appropriate amount of refinement to conserve fre- 
quency space. 

Second, frequency occupancy must include the multiplication of assign- 
ments made necessary to avoid interference between converging or inter- 
secting radio re'ay routes, between the two directions of a single route, or 
between a main route and a spur. 

Our procedure in evaluating these systems will be to plot for each system 
certain curves relating power, signal bandwidth and channel signal-to-noise 
ratio or signal-to-interference ratio for various associated transmission 

‘8 Appendix I shows that the quantizing noise power at the minimum sampling fre 


quency is the same for wide and narrow signal bands. This illustrates the general prin- 
ciple used here. 
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conditions. From these curves and other pertinent data we will prepare 
tables which show the significant frequency occupancy for various radio 
relay conditions. Such tables will be made for two grades of transmission 
facilities and for the extremes of signal bandwidth, one corresponding to 
minimum power and the other to minimum bandwidth. The minimum 
power condition prevails when the bandwidth has been increased, and the 
power reduced, to the point where any further increase of bandwidth would 
require an increase of power to prevent noise from ‘‘breaking”’ either the 
pulse slicer or the FM limiters.’* The minimum bandwidth condition occurs 
when any further band limitation operates to impair the signal too much, 
assuming that the power is ample to override noise. 


REGENERATION AND RE-SHAPING 


Two distinct classes of relay operation exist, one applying to the quantized 
systems (PCM) and the other applying to non-quantized systems. When 
the transmitted signal is intended to convey a continuous range of values 
(amplitude, time or frequency) noise and distortion accumulate as the signal 
progresses from repeater to repeater over a relay route. If, however, a range 
of values is represented by a discrete (quantized) value, a signal may suffer 
displacement within the boundaries of that range without altering the in- 
formation conveyed by the signal. If, therefore, in one span of the relay 
route the displacement is confined to those boundaries the signal may be 
regenerated and re-transmitted as good as new. No accumulation of noise 
and distortion need occur, therefore, as the signal traverses span after span. 
The most common application of regenerative repeatering is in printing 
telegraphy where the signal is either a mark or space and, if correctly deter- 
mined, may be re-transmitted afresh. 

In all of the non-quantized systems the repeaters must have low distortion 
so that a signal may be conveyed through a large number of them (say 133 
for a 4000-mile circuit made up of 30-mile spans) without too much mutila- 
tion. In spite of good repeater design a signal passing through such a large 
number of repeaters will accumulate considerable noise, interference from 
other systems, and distortion characterizing the repeater design limitations. 
In non-quantized systems there is no escaping accumulation of this sort. In 
pulse systems, for instance, phase distortion, common in flat band repeaters, 
may result in tails and the like, while cumulative frequency discrimination 
(band narrowing), characterizing simple forms of linear phase repeaters, 
results in cumulative broadening of the pulses. In the former case the tails 

Tn this connection it is of interest to mention that if the objective were a very low grade 
circuit the power required to prevent breaking might he higher than that required by a 
method having no improvement threshold, and no power saving could be accomplished by 


the bandwidth exchange principle. For circuits of telephone grade this situation does not 
occur, 
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may eventually grow large enough to break the slicer (if the system employs 
such a device) while in the latter case the reduced pulse slope and the spread- 
ing out of time bounds may also bring about transmission disaster. In 
both cases these growing distortions successively reduce the margin that it 
is necessary to provide for noise and interference. To circumvent such 
effects, the pulses may be reshaped at all or some repeaters. Reshaping 
consists of measuring the information conveyed by the pulse (in the time or 
amplitude dimension) and sending out a new pulse of standard shape pos- 
sessing that measured characteristic in time or amplitude. This process is 
distinctly different from regeneration as practiced in quantized systems; in 
general, reshaping can only be counted upon to confine the rate of accumula- 
tion of noise, interference and crosstalk to that of power addition from span 
to span. 

In FM systems any distortion which results in amplitude ‘‘modulation” 
of the FM wave may be treated with limiting at each repeater to prevent 
such amplitude variation from accumulating and breaking the limiter. Like 
pulse reshaping, this measure does not stop the accumulation of disturbance 
to the intelligence. Certain kinds of distortion may be combated by double 
FM.” 

Reshaping (or, in the case of FM, limiting) may be employed to conserve 
power in the systems having an improvement threshold. Without reshap- 
ing, the minimum repeater power is the marginal'’ value for the total noise 
accumulated from all spans. If reshaping is practiced at each repeater the 
power need be marginal for the noise from only one span. More bandwidth 
must be used, then, in exchange for the lower power; and, while this in turn 
increases the marginal power, the result is a net power saving. Tables II 
and III of Section III illustrate this point and Section VIIT illustrates its 
application to metallic circuits. 


THE Rapio REPEATER 


Repeaters for relaying television signals must achieve low distortion and 
we will take a current design and assume that such a repeater represents a 
basis for discussing the transmission of multiplex telephony by non-quantiz- 
ing methods. This repeater employs, in the two-way application, four 
antennas and two frequencies as shown in Fig. 4. It is proposed to transmit 
5-mc video television signals by I'M in bands spaced 40 mc. The repeater 
employs double detection and the band separation is effected mainly by the 

17 Leland E. Thompson, “A Microwave Relay System,” Proc. [.R.E., Vol. 34, Decem- 
ber, 1946, pp. 936-942. 

18 By marginal power is meant that power which just safely exceeds the improvement 
threshold power. For a given noise level, minimum power is achieved when the bandwidth 


improvement factor yields the required signal-to-noise ratio in the channel with the power 
that is marginal for that bandwidth. 
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selectivity following conversion to intermediate frequency. Microwave 
receiving filters afford enough selectivity to divert alternate bands into their 
correct frequency-converting units without disturbing the other bands; and 
microwave combining filters serve in the transmitting side of the repeater to 
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Fig. 4—Arrangement of two-way two-irequency repeater of television type showing 
spacing of bands and antenna discrimination. 


bring the bands into the common antenna with small loss and small mutual 
disturbance.” The combining and separating processes are made easier by 
the interleaving of transmitting with receiving frequencies. Interleaving 


19 W. D. Lewis and L. C. Tillotson, “A Non-reflecting Branching Filter for Micro 
waves,” Bell Sys. Tech. JL, Vol 27, pp. 83-95, January, 1948, 
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also eases the intermediate-frequency selectivity requirement when the 
side-to-side antenna loss is greater than the span loss (repeater gain). The 
stagger between input and output frequencies in one direction is employed 
to permit frequency selectivity to augment the back-to-back ratio in separat- 
ing the high-power output from the low-power input. 

Figure 5 further describes the repeater in relation to the frequency plan 
of Fig. 4, showing how the three kinds of antenna discrimination are em- 
ployed. The back-to-back (BB) and side-to-side (SS) antenna ratios at- 
tenuate the high-power transmitted band adjacent to a low-power received 
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Fig. 5—Discrimination of I.F. and R.F. circuits in television type repeater. 


band to a level comparable with the receiving level. The front-to-back 
ratio (I'B) separates bands at the same frequency (which are always similar 
in power level except for the disparity produced by differential fading of the 
signals received from the two directions). 

For systems in which the signal is highly susceptible to adjacent band 
crossfire and phase distortion, the signal band must be confined to a certain 
fraction of the 40-mc band spacing in order to be carried through many such 
repeaters. With signals of more rugged characteristics, frequency occu- 
pancy can be reduced because a larger segment of the pass-band shown in 
Fig. 5 can be utilized by the signal and/or because the bands can be more 
closely spaced. With quantized systems and particularly with binary PCM 
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this reduction of frequency occupancy can be carried very much further 
when regeneration is practiced. 

We will later assign, for each modulation method, a value for the fraction 
of the band spacing to which the signal bandwidth must be confined. The 
frequency occupancy is then given by the product of the following three 
factors: 

1. The reciprocal of the above factor, to be called U. 

2. The signal bandwidth for the specified number of channels. 

3. The number of frequencies required to operate in the assumed radio 
situation. 

Inspection of Fig. 4 shows two sources of common frequency interference 
between East- and Westbound signals: (1) backward radiation from one 
transmitter into the beam of the other and (2) backward reception of the 
signal intended for the oppositely directed receiving antenna. Both kinds 
of interference are suppressed by the front-to-back ratio (assumed as 75 db) 
compared with the desired signal. The effects occur at every repeater and 
in a 4000-mi. system with 30-mi. spans, addition of the interfering power 
contributed by the individual repeaters gives two “‘equivalent” single sources 
75 — 10 log 133 = 54 db down. With no fading the two effects combine to 
form one source 51 db down. The receiver crosstalk is, however, subject to 
differential fading in adjacent spans. On the assumption that simultaneous 
deep differential fades on more than one pair of such spans are extremely 
rare, we base our estimates on a severe fading condition at only one repeater 
(or a number of less severe differential fades distributed simultaneously over 
the system having an equivalent effect.) The total interference from the 
other repeaters is then virtually the same as for 133 non-fading repeaters, 
while the fading repeater contributes an amount greater than the receiver 
crosstalk at one non-fading repeater by the depth of the fade expressed in db. 
We take this differential fade to be 30 db. The total interference from 
repeater crosstalk is, then, the result of a source 51 db down together with 
another source 75 — 30 = 45 db down. The combined interference is 
accordingly 44 db down. It is thus necessary that any long distance system 
using the repeater plan of Fig. 4 must be operable in the continuous presence 
of interference 44 db down. Under these assumptions, systems in which 
bandwidth is not or cannot be expended to gain tolerance to interference 44 
db down do not allow any frequency to be used more than once in one 
repeater and therefore a repeater plan must be used which employs four 
frequencies. 

The four-frequency plan would be necessary in the case of conventional 
frequency division multiplex because such a system cannot tolerate crosstalk 
only 44 db down. 
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In all of the systems in which bandwidth may be exchanged for tolerance 
to interference we restrict, in our comparison tables, the minimum band- 
widths to those which provide at least the 44 db tolerance demanded in the 
two-frequency plan. 


RECTANGULAR ENVELOPE THROUGH GAUSSIAN FILTER 
ORIGINAL DURATION TIME x R-F BAND WIDTH BETWEEN ONE NEPER POINTS=2 
















































1.0 - : - - - - , 
| | 
| 
: 0.8 Fr + + + + | + - + a aca —— 
ad | | | 
° | | 
=, 0.6 ss ee ee ae ee | | 
wt } | f ] y 
n | | | 
5 | | 
204 4 } } 4 1 1 a. Se + ol +— = 
. ORIGINAL DURATION TIME,T | | 
K 0.2 ee ; | 
<z 0. + 7 z 7 =. — aa 
$ ! r _ 
4 ie | 
° fe) bd ea See } 
“eT -1.2T =f =G0.8T -O.6T -G.4T -0.2T (@) 0.2T 0.4T O.6T O.8T v 1.2T 1.47 
TIME IN TERMS OF T 
st ee T ane Wie ak Se Ss ee 
' | 
z ! | 
Zs t+}; 
re) ! | 
a ' 
” 10 7 } + + 4 
Ww ' 
: ! 
) 
1S 4 1. 
a ' 
' 
Zz ' 
. ' 
ai 20 ! 
: 
Y ' 
VO 25 1 
a ' 
w ! 
ao 1 
w 30 + + 
Ww ' 
4 1 
' 
4 35 4 = 
ae 
! | | 
40 1 1 1 
0 Oi 62 O63. 04 O58 06 Of O08. 09 FY ti fe IS Se 
T T T T T T B 7. 5 ¥ T i £ 


FREQUENCY IN TERMS OF T (FROM MIDBAND) 


Fig. 6 —Basic pulse shape (approximately sinusoidal) and its spectrum 


II. BAND WiprH CHARACTERISTICS 


The type of pulse assumed in the various pulse transmission systems is 
shown on Fig. 6. As pulse 4 of Fig. 26, it is further discussed in Section VII. 
The spectral density or distribution of energy vs. frequency associated with 
such a pulse is also shown. It is evident from this curve that omission of 


frequencies beyond a baseband width 1,7 can result in distortion or tails of 











BAND WIDTH AND TRANSMISSION PERFORMANCE 507 


only a few per cent of the pulse height. We define signal bandwidth for the 
pulse systems studied here as 1,7, or 2/7 in the r-f medium, i.e., double 
sideband is assumed in all of the AM pulse cases. In assuming double 
sideband, we bow to the obvious difficulty of dealing circuit-wise with single 
sideband and its pulse demodulation problem. 

In the FM systems we define the radio signal bandwidth as the peak-to- 
peak frequency swing, 8, plus two times the baseband width, 2/%. 

We shall consider individually the following types of systems where the 
meaning of the symbols is explained in Fig. 1. 


1. PPM-AM Le 
2. PPM-FM 4. P 


J 


-~ 


AM-AM 5. PCM-AM 7. FDM 
AM-FM ». PCM-FM 8. FDM-FM 


The source of disturbance may be either fluctuation noise, a constant-fre- 
quency interfering wave (CW), or a similar but independent system operat- 
ing on the same frequency allocation. CW interference may fall anywhere 
within the radio signal band. Interference from echoes, which is a special 
case of similar system interference, is not treated. In certain cases echoes 
such as might be produced by multiple reflections in waveguide connections 
to the top of radio towers may be more detrimental than independent system 
interference of the same amplitude. We assume that such echoes are sup- 
pressed sufficiently by good design. 

Our first set of curves, Figs. 9-20, exhibits quantitatively the audio signal- 
to-noise and audio signal-to-interference ratios which can be obtained with 
increased radio bandwidth in the various systems. Audio signal is taken to 
be the power of a test tone which fully loads one channel. Audio noise is 
expressed as the total noise power in the channel. Audio interference is 
expressed as the power of all of the extraneous frequencies produced in a 
channel by the assumed interfering signal. The term ‘radio bandwidth” 
is intended to mean double-sideband width and does not imply that the 
transmission is necessarily by radio. Two of the systems, PAM-AM and 
FDM, are omitted from this study because, as has been pointed out earlier, 
they do not provide a significant basis of exchange of bandwidth for suppres- 
sion of noise and interference. The other systems possess this trading prop- 
erty in varying degree as illustrated by the curves. The FDM and 
PAM-AM systems are entered in Table IV and discussed under Section IIT. 
For comparison with the following curves it may be of interest to note here 
that for 1000 4-kc message channels in FDM, the bandwidth (single side- 
band) is 4 me., and the received power for a 60-db audio signal-to-noise 
ratio must be —77 dbw.*° This is the power in a sine wave which employs 


°° Throughout this paper we shall use the abbreviation “‘dbw” for power expressed in 
decibels relative to one watt. 
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the full load capacity in accordance with Table I, at a point where the noise 
power is — 189 dbw per cycle of bandwidth (15 db noise figure, NF). 

In most of these curves, plotted for 1000 message channels, the bandwidth 
scale runs to hundreds of megacycles. We do not mean to imply that the 
microwave transmission medium can be relied upon to transmit faithfully 
such wide-band signals or that circuit techniques for producing them are 
available. As suggested by Fig. 4, the 1000-channel system might be divided 
into several groups of fewer channels to avoid frequency selective transmis- 
sion difficulties or circuit limitations. The total frequency occupancy is not 
altered by such a division, while the required power per group is reduced in 
proportion to the number of channels.” 

Curves are shown of audio signal-to-noise ratio as a function of radio 
signal bandwidth at constant power and at marginal power. Audio signal- 
to-interference ratios are plotted against radio bandwidth for marginal ratio 
of radio signal power to interfering signal power. By “marginal power”, 
we mean the radio signal power which just safely exceeds the threshold below 
which noise or interference causes system failure. In the case of fluctuation 
noise,.any further increment of bandwidth from this point is untenable 
without an increase in radio signal power. Points on the marginal power 
curves show as abscissa the bandwidth at which minimum radio power is 
required to obtain the audio signal-to-noise ratio given by the ordinate. In 
calculating these curves, we have specified the marginal condition as 
occurring when the peak disturbance is actually 3 db below the theoretical 
value which just breaks the system. These relations are shown graphically 
in Fig. 7. We have in this paper followed the accepted practice of ignoring 
all fluctuation noise peaks exceeding the rms voltage by more than 12 db. 
Radio signal power is taken as the power averaged over a cycle of the high 
frequency in the FM wave, or, in the AM pulse case, over a cycle of the high 
frequency when the pulse is maximum. A curve is included in Fig. 9 
showing marginal AM radio pulse power values for various bandwidths of 
fluctuation noise and a similar curve for FM is shown in Fig. 13. A noise fig- 
ure of 15 db* is assumed for the receiver. We have taken the noise band- 
width as equal to the signal bandwidth throughout. This equality cannot 
be quite attained in actual systems because of the departure of physical fil- 
ters from ideal characteristics. In practice an allowance for frequency 
instability would also have to be included. 

The relation of the PPM pulse to channel allotment time is shown in Fig. 8. 
Pulses in channels adjacent in time can just touch when full load signals are 
impressed on each. The slicer operates at half the pulse height which, for the 
assumed pulse shape, is also the point of maximum slope. The width of the 

2! These statements are not exactly true for FDM and FDM-FM, where multiplex load 
rating is used in the design. 


* This means that the noise power is 189 db below a watt per cycle of bandwidth, 
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pulse is inversely proportional to the signal bandwidth. The time available 
for modulating the pulse position is equal to the channel time minus the 
pulse duration. The combination of these factors leads to the PPM “slicer 
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Fig. 9--PPM-AM, performance with respect to fluctuation noise. Relations between 
bandwidth, power, and audio signal-to-noise ratio for 1000 4-ke channels 


advantage” which, when applied to the 7-f pulse-to-noise ratio, gives the full 
load audio tone-to-noise ratio in each channel. Details of this calculation 
and others pertaining to various pulse systems are included in Appendix TV, 
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lic. 9—-PPM-AM, Fiuctuation NoIst 


The curves of Fig. 9 were computed from the slicer advantage derived in 
Appendix IV. The asymptotic slope of the constant power curves of 3 db 
per octave of bandwidth reflects the 6 db advantage due to the two-fold 
greater pulse slope (slicer advantage) diminished by the 3 db increase of 
noise accepted by the two-fold wider band. In the marginal power case 
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Fig. 10—PPM-AM; performance with respect to CW and similar system interference 
for 1000 4-ke channels with ratio of pulse to interference marginal. Relations between 
bandwidth and audio signal-to-interference ratio 


the power is increased with bandwidth so the slicer advantage is preserved 
and the slope is 6 db per octave. 

The sharp reduction of signal-to-noise ratio with reduced bandwidth 
appearing at the left end of the curves arises from immobilizing the pulse 
position as the widened pulse uses up more of the total channel time allot- 
ment. According to the detinition of bandwidth used here and the plan 
of Fig. 8, no modulation is possible when the bandwidth is 2/7 and T is 
half of the channel time. For 1000 channels the channel time is 0.125 
microseconds and 7° = 0.0625, which makes the audio signal-to-noise ratio 
zero at 32 me. 
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Fic. 10—PPM-AM, CW aAnpb SIMILAR SYSTEM INTERFERENCE 


The curve of Fig. 10 for marginal ratio of pulse power to CW interfering 
power has the same shape as the corresponding curve of Fig. 9 for marginal 
power over fluctuation noise. There is a shift of 9 db in ordinates, however, 
because the peak factor of the CW interference is 9 db less than that of 
fluctuation noise. The interference from similar systems follows a different 
law because of the ‘‘exposure factor” arising from the finite probability that 
the interfering pulse does not overlap the wanted pulse. A straightforward 
probability calculation taking into account the distribution of pulse voltages 
in an interfering system occupying the same radio frequency band yields the 
curve shown on the assumption that the repetition frequencies are asyn- 
chronous. As the bandwidth is increased the pulses become shorter and 
their coincidences less frequent, leading asymptotically to a 9 db per octave 
slope instead of the 6 db per octave of the CW interference. 


Fic. 11—PPM-FM, [Lucruation NoIse 

In the transmission of PPM by I'M there are two sources of advantage 
over noise. One is the ordinary FM advantage and the other is the slicer 
advantage of PPM acting on the noise remaining in the FM output. There 
are, likewise, two separate conditions for system failure; one a breaking of 
the limiter and the other a breaking of the slicer. A certain amount of radio 
power will result in marginal operation of the limiter for a certain frequency 
swing. The corresponding deviation ratio is the quotient of the frequency 
swing and the baseband width; this ratio is maximum when the baseband is 
least. Except in the region near the minimum PPM band, advantage 
accrues faster with bandwidth in FM than in PPM. It is apparent, there- 
fore, that most of the radio bandwidth should be devoted to FM advantage. 
The optimum proportioning occurs when the baseband width has a small 
value but not so small as to invoke an unsurmountable penalty by not 
providing for any position modulation. Mathematical analysis given in 
Append:x IV shows that the optimum baseband for the pulse position modu- 
lation varies with radio bandwidth in the manner shown in Fig. 11 by curve 
1. Curve 2 shows the audio signal-to-noise ratio vs. radio bandwidth when 
the baseband width follows curve 1 and the I'M limiter is marginal. It is of 
interest to compare curve 2 with the poorer performance of the dashed curve 
3 which is calculated for the case in which both the FM limiter and the PPM 
slicer are marginal. The baseband width for the double marginal condition 
follows curve 4. Curves 5 and 6 show audio signal-to-noise ratio vs. band- 
width for constant radio power and optimum baseband. The curve of 
marginal amount of radio power is not given in lig. 11, but is the same as the 
one given later in Fig. 13. 
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Fic. 12—PPM-FM, CW anp Srmmrar System INTERFERENCE 


The curve showing interference from a similar system of lower power was 
based on a calculation of the beat spectrum between two FM waves, both 
frequency modulated over the same r-f range (8 mc) by 8 mc. The phase 
difference between the 8-mc modulating frequencies was assumed to vary, 
giving rise to various beat spectra. The power in those beat components 
accepted by a band zero to F, was averaged over all 8-mc phase differences 
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Fig. 11—PPM-I'M; performance with respect to fluctuation noise. Relations between 
bandwidth, power, and audio signal-to-noise ratio for 1000 4-kce channels 


and this average power was taken as a measure of the interference to which 
the baseband signal is subjected. As outlined here, this procedure is valid 
for interference between idle PAM-I'M systems in which the FM waves are 
frequency modulated as assumed above. For the PPM-F™M case in which we 
are here interested, we take the position suggested by the transient viewpoint 
that the effect of interference from spaced pulses will not be much different 
because of their spacing and so we apply the slicer advantage possessed by 
the wanted system to the total interference calculated above and obtain the 
curve shown. At the left hand end where the pulse spacing is only slight 
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and the sinusoidal frequency modulation is nearly the correct representation, 
the above procedure is not subject to much suspicion. The validity of the 
right-hand portion of the curve is upheld by the fact that it is about 12 db 
lower than the marginal fluctuation noise curve of Fig. 11. If the wide 
swing FM interfering wave had a spectrum much like fluctuation noise of 
the same power as the FM wave the difference would be 9 db. 
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Fig. 12-—PPM-FM,; performance with respect to CW and similar system interference 
for 1000 4-ke channels with ratio of FM wave to interference marginal. Relations between 
bandwidth and audio signal-to-interference ratio when baseband is optimum for suppres- 
sion of fluctuation noise 


It has been explicitly assumed that both systems are idle, but we see no 
reason to believe that if either or both were normally active the interference 
would be significantly different for our purposes. 

Audible interference from a CW wave is caused by a disturbance to the 
frequency of the FM wave. Let us first assume that the CW frequency lies 
near the middle of the frequency swing range. No disturbance to the FM 
wave occurs as its frequency passes through coincidence with that of the CW 


but, as the frequencies diverge, the magnitude of the disturbance as well as 
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the frequency of the disturbance increases linearly. ‘The baseband filter 
is excited only during the time the difference is less than Fy. Thus, the 
disturbance results from a series of perturbations to the otherwise smooth 
frequency variation of the FM wave. The time during which these pertur- 
bations can affect the baseband filter is short compared with the shortest 
pulse the baseband filter can pass, except when the baseband width is greater 
than half of the swing. This occurs at the extreme left-hand end of the 
curve. We have not attempted to calculate the response to these transients 
except to note that the response is a pulse which extends roughly 27 from 
its point of origin, peaking somewhere near the center of this interval. If 
we assume that the PPM pulses are closely spaced (€ = 0) so that they result 
in a wave frequency modulated by 8 me, there are two such evenly spaced 
disturbance pulses per cycle of modulation (two per 27 interval) and there- 
fore there is an almost continuous disturbance wave in the base band filter 
output whose amplitude does not greatly exceed its RMS value. We have 
accordingly calculated the power sum of all the extraneous frequencies 
passed by the baseband filter, assuming the FM wave to be sinusoidally 
modulated. The location of the CW frequency giving greatest interference 
power was used in these calculations except in the wide band cases where 
the worst frequency appeared to be near the edge of the band. Here the 
transient viewpoint indicated that the resulting interference in the base- 
band would be greater if the CW frequency were nearer the center. 

If the trailing edge is used to measure the time of the pulse, the principal 
disturbance of this time arises from the perturbation produced at the leading 
edge of the same pulse, and so the calculation for close-spaced pulses is not 
greatly in error when applied to wider-spaced pulses. If the leading edge 
were used the worst CW frequency for widely spaced pulses would be one 
differing from the rest frequency by /, and the interference would be worse, 
we think, than that arising from the frequency worst for trailing edge opera- 
tion. 

It has been explicitly assumed that the system is idle, but we see no reason 
to believe that the interference would be significantly different with normal 
activity. 

hic. 13--PAM-FM, Fiuctruation Notst 


Fluctuation noise in a PAM-FM system produces the sloped noise spec- 
trum characteristic of FM in the output of the frequency detector. The 
noise power per cycle is zero at zero frequency and increases with the square 
of the frequency. The baseband filter accepts only the portion of the 
spectrum between zero and F;. If instantaneous sampling of the signal 
values is used, all noise frequencies in this range are equally effective as 
causes of errors. Use of a channel gate of maximum permissible duration 
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consistent with a satisfactory margin over crosstalk from adjacent channels 
furnishes a practical method of discriminating against the influence of noise 
components near the top of the baseband where the noise spectrum is 
strongest. The exact shape of the gate is not very critical. , The curves 
have been calculated for a rectangular gate coincident with the channel 
allotment time, which is just possible without crosstalk in the case of non- 
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Fig. 13—PAM-FM; performance with respect to fluctuation ncise. Relations between 
bandwidth, power, and audio signal-to-noise ratio for 1000 4-kc channels 


overlapping sinusoidal pulses. A somewhat shorter rectangular gate or a 
gate of sinusoidal shape leads to very nearly the same results. The ad- 
vantage of gating as compared to instantaneous sampling is approximately 
8 db. Calculation of the gated noise is a straightforward process if based on 
the concept of the FM noise spectrum acting as signal on a product demodu- 
lator in which the carrier consists of the harmonics of the gating function. 
Each harmonic demodulates the spectrum centered about the harmonic 
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frequency and contributes audio power proportional to the product of 
harmonic power and spectral density. The channel filter accepts only the 
demodulated noise falling in the audio signal range. 

The marginal power curve has been drawn for a 3 db ratio of peak carrier 
to peak interference or 12 db ratio of mean carrier power to mean fluctuation 
noise power. Curves for specific amounts of received power are included as 
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Fig. 14—PAM-FM; performance with respect to CW and similar system interference 





























for 1000 4 ke channels with ratio of FM wave to interference marginal. Relations between 
bandwidth and audio signal-te-interference ratio. 


well as the curve of marginal received power vs. radio signal bandwidth for 
a receiver with 15 db noise figure. 
Fie. 14—-PAM-FM, CW anp SrmILar SystEM INTERFERENCE 

CW interference can be calculated conveniently by assuming all channels 
idle and determining at what frequency within the radio signal band a CW 
component of fixed power produces maximum disturbance of an audio chan- 
nel. This worst possible amount of disturbance is then assumed not to be 
much affected by the various channel loading conditions existing during 
normal operation of the system. When all channels are idle, the transmitted 
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carrier of a PAM-FM system using sinusoidal pulses assumes the particularly 
simple form of an FM wave modulated by a sinusoidal signal having fre- 
quency .V/, (8 me for 1000 channels) and total frequency swing 8 2. Hence 
the rigorous steady state solution for interference between CW and sinu- 
soidally modulated FM was calculated and the interfering components falling 
in the baseband range selected. The gating function was then applied to these 
components in the same way as described above for fluctuation noise, and the 
resulting products falling in the audio channel range evaluated. The signal- 
to-interference ratio was expressed as the ratio of rms signal power received 
from a full-load channel test tone to the rms value of the audio interference. 
A range of frequency locations for the CW interference was investigated for 
each radio signal bandwidth and the one giving maximum audio interference 
used for the point on the curve. The worst position of the CW was usually 
found to be near the extremities of the idle channel frequency swing. Curves 
are shown for a rectangular gate of maximum duration and for instantaneous 
sampling. 

When the source of interference is a similar system, we assume that the 
midband frequencies differ only slightly. With both systems idle, we have 
two sinusoidally modulated FM waves which are identical except for (1) a 
small variable difference between mean carrier frequencies and (2) a variable 
phase shift between the two modulating frequencies. ‘The interference 
falling in the baseband consists of steady state components which are 
approximately harmonics of the channel slot frequency \/f,. As is charac- 
teristic of FM interference, the amplitude at the mth harmonic contains a 
factor proportional to m; and the component near zero frequency, the 
approximate zeroth harmonic, is very small. If we gate this interference 
with a rectangular gate of duration 1/.\f,, we find that the gated output 
vanishes for input components at .V/,, 2.V/f,,..., because these frequencies 
are located at the infinite loss points of the aperture admittance. The gate 
would transmit the zeroth harmonic, but this component tends toward zero 
amplitude. Our conclusion is that two idle PAM-FM systems accurately 
lined up to occupy the same frequency range are balanced against inter- 
ference from each other when a rectangular channel gate of full channel 
allotment time is used. The balance tends to disappear as the channels are 
loaded because the interference then spreads throughout the base band 
instead of being concentrated at the blind spots of the aperture. Thus, for 
the first time in our consideration of pulsed systems, we are obliged to take 
account of channel loading conditions.”* 

3 A wave could be frequency modulated about a central frequency by PAM pulses of 
plus and minus sign and an idle system would thus consist of a wave of constant frequency. 
The weaker of two such idle systems aligned in frequency would produce no (or very little) 
interference in the other, using either channel gating or instantaneous sampling. The 


susceptibility to CW interference would be greater than in the biased modulation assumed 
above, however. 
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We note that the balance disappears if instantaneous sampling is used 
instead of gating because there is no longer any aperture discrimination. 
The curve for instantaneous sampling is plotted on Fig. 14. Calculation of 
this curve brings out the fact that the amplitude of the interfering compo- 
nents also depend on the framing phase difference between the two systems. 
When the framing frequencies are in phase, the two waves have a constant 
frequency difference, and the interference vanishes. We assume the phase 
difference as equally likely to fall anywhere within a complete cycle and 
average the received interference power over all phases. The curve is found 
to approach an asymptotic ordinate of 9 db at minimum band width as the 
frequency swings on the two systems approach zero together. The 9 db 
limit is compounded of 3 db from the marginal ratio between the two 
carriers, 3 db from averaging over the carrier phase difference, and 3 db from 
averaging over the framing phase difference. When wide bands and large 
swings are used, the curve approaches parallelism with the dashed one of 
Fig. 13 for fluctuation noise but about 15 db lower. Of this difference 9 db is 
accounted for by the higher marginal mean power level. The remainder is 
assignable to differences in spectral distribution; in particular the r-f spec- 
trum of idle similar system interference is concentrated in half of the band 
instead of being uniformly spread as in fluctuation noise. 

The curve for gated similar system interference has been estimated by 
assuming that, with all channels loaded and a wide frequency. swing, the 
performance is like that with fluctuation noise except for a 3 db correction 
allowed for the more concentrated spectrum. This gives an asymptote on 
the right parallel to the solid marginal curve of Fig. 13 and 12 db lower. At 
the left the curve must approach the same asymptote as the one for instan- 
taneous sampling. It then seems reasonable to assume that the interfer- 
ence power is directly proportional to the number of active channels and 
the curve for an average of one eighth of the channels loaded is obtained 
by raising the full load curve 9 db. 


Fic. 15--PCM-AM 


The curves on the left show how the audio signal-to-noise ratio varies 
with bandwidth, the audio noise being quantizing, or granularity, noise as 
discussed in Appendix I. The number of digits per code symbol is n and 
the number of digit values (including zero), i.e., the base, is 6. Bandwidth 
is 2, T where T is the time per pulse and is therefore 16 mc per digit. The 
curves are, of course, a set of discrete points rather than continuous as shown. 
The steep rise is to be contrasted with the 3 to 9 db per octave slopes of the 
curves previously presented. 

The curves on the right plot the maximum values (with a 3 db allowance 
included) of peak noise or interference, referred to the highest pulse value, 








520 BELL SYSTEM TECHNICAL JOURNAL 


MARGINAL PULSE TO PEAK INTERFERENCE (NOISE) RATIO IN DECIBELS 
a) 
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AUDIO SIGNAL-TO-NOISE RATIO IN DECIBELS 

Fig. 15—PCM-AM;; performance with respect to number of steps. Relations between 
bandwidth and audio signal-to-noise ratio and between bandwidth and required pulse-to 
interference ratio for 1000 4-ke channels 
permitted by the system, versus bandwidth for three different audio signal- 
to-noise ratios. The lower boundary of the curves corresponds to binary 
PCM while the left-hand boundary corresponds to the other extreme, namely 
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quantized PAM having the number of steps necessary to yield the specified 
signal-to-noise ratio. The quantized PAM bandwidth of 16 mc assumes the 
use of overlapping sinusoidal pulses as in binary PCM. Actually, such an 
overlap would be hazardous in the higher base systems; and quantized PAM, 
like unquantized PAM, should perhaps be assigned more time per pulse but 
not as much as 27 because regeneration could be employed to prevent 
accumulation of interchannel crosstalk. The tables presented later do not 
include the bandwidth increase that would follow such an increase in time 
per channel. 

The curves at the right in Fig. 15 are terminated at 16 mc corresponding 
to one pulse per channel. In accordance with the principles of Appendix II] 
more than one channel per pulse can be transmitted, theoretically. To 
include such a hypothetical case of less than one digit per channel, the 
curves could have been extended upward to the left. The 39 db signal-to- 
noise ratio curve would have reached an ordinate of 81 db at 8 mc on the 
bandwidth axis. 

It is of interest to compare the audio signal-to-noise ratio of unquantized 
PAM with that of quantized PAM for the interference ratios demanded by 
quantized PAM. In the case of marginal CW interference the audio noise 
(evaluating the audio disturbance as noise of equivalent power) turns out to 
be the same as the quantizing noise and so, in a circuit of more than one 
span, quantized PAM is advantageous from a transmission point of view. 
With fluctuation noise the unquantized PAM audio noise would be 9 db 
lower than the quantizing noise and so, in a circuit of more than 9 spans of 
equal loss, the quantized PAM would be preferred. 


ic. 16—PCM-FM, Fluctuation NOISE 

Here FM advantage is employed to permit operation in the presence of 
more noise than is possible with AM. It seems more illuminating to explain 
these curves by checking their correctness rather than by deriving them. 

In all cases, a baseband signal-to-noise ratio giving the same margin over 
noise peaks as for AM (Fig. 15) is obtained by FM advantage. For the solid 
curves the FM limiter is assumed to be marginal (12 db radio signal-to-noise 
ratio), and for the dashed curves the radio signal-to-noise ratio is assumed 
to be the same as the marginal requirement for binary PCM-AM (18 db). 
The FM advantage with respect to an FM wave of the same power as in the 
peak AM pulse is, in db 


. 
4 


3 
20 log B + 4.8 = 20 log (j _ 2) + 4.8 
FP, F, 


However, the FM power is greater than the peak AM pulse power by 10 
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RADIO SIGNAL BANDWIDTH IN MEGACYCLES PER SECOND 
Fig. 16—PCM-FM;; performance with respect to fluctuation noise. Relations between 
handwidth, power, and audio signal-to-noise for 1000 4-ke channels, showing optimum 
hases for different ratios of FM wave to ncise. 
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and this must just make up for the difference between the 12 db (or 18 db) 
I'M wave-to-noise ratio and the pulse-to-noise ratios of 18 db + 20 log 
(6 — 1) required in the AM case. Substituting values from the curves will 
show that this is so. 

These curves show a minimum bandwidth for an optimum PCM base. 
This is to be expected since two different rates of exchange between band- 
width and advantage are involved. One is the advantage growing out of 
PCM of reduced base while the other is the conventional FM advantage. 
An analogous situation was found in PPM-FM. 

It is of interest to examine the PCM-FM situation when the FM circuit 
is as tolerant of noise as the most tolerant AM case, namely when the r-/ 
signal-to-noise ratio is 18 db. The optimum PCM base is octonary and the 
corresponding minimum bandwidth (as we define it) is actually 20°% less 
than for binary AM. This apparent advantage of PCM-FM is not ob- 
tained when tolerance to CW and similar systems is considered. Figure 17, 
which follows, shows that when allowance is made for a 9 db r-f signal-to- 
interference ratio (as in binary PCM-AM), the minimum FM bandwidth is 
greater by about 30°; than for binary AM and the optimum base is ternary 
or quaternary. If the 3 db interference tolerance possible in FM is required, 
it is obtained, as shown in Fig. 17, with ternary PCM-IM, at a cost of ap- 
proximately twice the bandwidth required in binary PCM-AM, which has a 
tolerance of 9 db. We should point out here that binary PCM transmitted 
by single sideband and detected by a local carrier has a tolerance of 3 db 
and requires half the bandwidth shown in Fig. 16. PCM-FM_ requires a 
bandwidth 3.8 times that of single sideband binary PCM for the same 3 db 
tolerance. 


Fic. 17—-PCM-FM, CW anp SimMInar SYSTEM INTERFERENCI 


In PCM, sequences of several pulses of the same amplitude may occur. 
The FM signal then consists of a steady frequency. A steady beat frequency 
persisting for several pulse periods will be produced by CW interference.” 
If this beat frequency is /, the maximum interfering amplitude will be pro- 
duced. The amplitude is (Q/ 7?) / while the step interval is 8/(6 — 1). 
To contine the interference to a half step (with 3 db margin) requires that 


3/(b —1)2 2(0 P) V2 Fi 
For Q/P = 0.707, 
B22(6-—1)F 


*4 The general solution of the problem of frequency error produced by superimposing a 
sine wave on an unmodulated carrier is given in Appendix IL. 
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RADIO SIGNAL BANDWIDTH IN MEGACYCLES PER SECOND 

Fig 17—PCM FM; performance with respect to CW and similar system interference 

for 1000 4-kc channels. Relations between bandwidth and audio sig ial-to-noise ratio 
showing optimum bases for diferent ratios of FM wave to interference. 


and the minimum band width becomes 


B=8+2F, = 26h) 


o* 


For @) P ==5035 
that 


5 (9 db) the minimum required value of 8 is halved so 


B=(6+1)F, 


For O/P = 0.118 (18.5 db) the minimum required value of 6 is further 
reduced threefold so that 


Ihe curves of Fig. 17 are calculated from these relations. 

With interference from a similar system a number of necessary conditions 
must be met. If the systems are similar in PCM base and in radio fre- 
quency, the sustained beat frequencies that may occur are 8/(b — 1) and 
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multiples thereof. The amplitude of the lowest of these frequencies is 
(Q/P)B/(b — 1). For Q/P = 0.707, this frequency must be suppressed by 
the baseband filter since otherwise the threshold would be exceeded. Thus, 
B= (b-—1)F, 
B=£6+ 2F, = (6+ 1) F, 


For O/P = 0.353, the lowest beat frequency need not be suppressed but the 


28/(b — 1) frequency must be suppressed; thus 28/(6 — 1) = F». 
5-1. 
B me 2 I, 
b+3, 
B=p6+ 27, = —— Ff 


Comparing these bandwidth values with those required for CW shows that 
the above requirements are more lenient than for the corresponding CW 
cases, particularly for the higher values of 6 where the above bandwidth 
values approach one-half of those obtained for CW. 

However, the above requirements are not quite sufficient. Transitions 
between adjacent frequency values, occurring in one system, will produce 
varying beat frequencies which pass through all values. This case differs 
from the CW case in that the beat frequency is not sustained and that the 
baseband filter output will not be as high as in the CW case. Calculations 
show that the bandwidth requirements are intermediate between those for 
the CW case and the similar system case considered previously. 

When we remember that for low base systems (binary) the requirements 
for similar system and CW interference are nearly alike, while for high base 
systems a small frequency difference in frequency alignment can produce 
similar system interference completely equivalent to CW interference, we 
may regard Tig. 17 as applying to both, practically. Such a conclusion also 
makes the curves apply to interference between systems of different base. 


QUANTIZED PPM 
PCM pulses, including the limiting case of quantized PAM pulses, may 
be transmitted by time modulation instead of frequency modulation, i.e., 
by ‘quantized PPM.” In this case, as in PCM-FM, bandwidth may be 
used to increase the tolerance to noise and interference. Figure 18 illus- 
trates this case. At (A) is shown a PCM pulse having 6 values including 


zero, the highest amplitude being unity. The maximum tolerable peak 
interference is 1/2/ 2 (6 — 1) and the time per pulse is taken as JT. (For 


high base systems the time per pulse should be greater, perhaps 27 as pointed 
out in the discussion of PCM-AM). At (B) is shown the quantized PPM 
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pulse of the same amplitude. The time per pulse is taken to be 7” and the 
duration of the pulse at half height is 7’. If T” is put equal to T the ratio 


of the PPM bandwidth to the PCM bandwidth is 7/7’. The time shift 


is (a) | 






D VALUES 
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Fig. 18 —Comparison of quantized PAM. with quantized PPM 


produced by peak interference is represented by 6. Our system is marginal 
when the smallest quantized step produces a shift of 21/26. The peak time 
shift produced by a signal is then (b — 1)24/26. Two cases are considered. 
In one the PPM system operates in the presence of the same peak inter- 
ference as in the PCM case. The bandwidth ratio is 2.64. The other case 
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assumes that the peak interference is marginal for all bandwidths (9 db 
down). The bandwidth ratio is then 2(1 4 = . It was previously found 
T 
that in PCM-FM, with peak interference 9 db down, the radio bandwidth 
must be (6 + 1)/,. Since the radio bandwidth of PCM-AM is 2/), the 
bandwidth ratio is (6 + 1)/2. Comparing these bandwidth ratios we see 
that the PPM bandwidth required to operate in the presence of marginal 
interference is nearly two times that required in PCM-FM. Furthermore, 
this PPM bandwidth ratio applies to marginal fluctuation noise whereas in 
PCM-FM a more favorable result was obtained. 


hic. 19—-FDM-FM, FLuctruatrion Notst 


When a group of channels in frequency division is transmitted by fre- 
quency modulation, the addition of channel voltages is translated to an 
addition of instantaneous frequency shift. The non-simultaneous load 
advantage applicable to a multichannel amplitier for frequency divided 
channels thus becomes an advantage in reduction of total frequency swing 
as compared to the sum of the individual peak frequency swings of the 
channels. The numerical db increments versus number of channels listed 
in Table I should, however, be modified for the following reason: The 
fluctuation noise spectrum in the output of an FM detector is not uniform 
with frequency, and hence the noise is unequally distributed among the 
channels. In order to obtain the same noise in all channels it is necessary to 
taper the signal levels in such a way that the full load frequency swing pro- 
duced by one channel is proportional to the frequency of the channel. The 
frequency swing corresponding to full load in the top channel is therefore a 
larger part of the maximum instantaneous swing required for the group than 
the swings corresponding to lower channels. The result is, in effect, phase 
modulation. The multiplex addition factors for tapered level channels 
have not been determined experimentally. We have assumed here a 3 db 
reduction in the power capacity values listed in Table I. These reduced 
values then give the incremental capacity referred to full load on the lop 
channel, Curves are shown for 100, 500 and 1000 channels. On account of 
the multiplex addition factor, it is not possible to obtain results for other 
numbers of channels from one curve by simply changing the frequency 
scale. 

The derivation of these curves is straightforward but leads to an expres 
sion for the required bandwidth as a root of a cubic equation. As in the 
case of Fig. 16 we shall discuss the FIDM-FM > curves by checking them 
numerically. We have assumed that the channels are tapered in level and 
that we have, in fact, phase modulation with its consequent flat base- 
band noise distribution. ‘To check the 60-db point on the 1000-channel 
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curve, we calculate that the noise in the entire baseband must be 43 db 
below the power in a sine wave which employs the full system load capac- 
itv. This figure comes from reducing the 60 db full load channel ratio 
by 30 db because of the 1000-fold greater baseband width and increasing 
it by the amount, 16 — 3 = 13 db, by which the full system load must ex- 
ceed full load in the top channel. Thus 60 — 30 + 13 = 43 db. An FM 
advantage of 31 db must be obtained to permit the marginal r-f signal- 
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Fig. 19—FDM-FM,; performance with respect to fluctuation noise. Relations between 
bandwidth and audio signal-to-noise ratio for marginal power; 4-kc channels. 
to-noise ratio of 12 db to satisfy the above requirement, (43 — 12 = 31). 
We get this advantage in part by phase modulation gain given by 20 

8 sale hts ne ee , 

log p 6 db. This gain is referred to 100°% modulation AM whose un- 
modulated carrier power is the same as the FM wave power. This means 


that the reference is a system in which the FDM = baseband appears as 
upper and lower sidebands which, when demodulated, yield a baseband 
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signal-to-noise ratio equal to the ratio of unmodulated carrier power to 
the noise power in the double width radio band. Since we keep the FM 
power marginal for all bandwidths an additional bandwidth improvement 


, b Gt 
of 10 log yj, wecrues. Substituting B = 92 mc, fF, = 4 me, and B 
Zi"b 





92 — 8 = 84 me, will show that the above gains total 31 db. 
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Fig. 20—FDM-FM,; performance with respect to CW interference. Relations betwee 


bandwidth and audio signal-to-interference ratio for marginal ratio of FM wave to inter 
ference; 4-kc channels 


Pic. 20-—-FDM-FM, CW INTERFERENCE 

The disturbance produced by CW is most readily evaluated when all 
channels are idle for then we have only the frequency error produced by a 
sine wave of relatively small amplitude superimposed on the steady sinusoi- 
dal carrier wave. To a first approximation (see Appendix II) the error has 
a frequency equal to the difference between the carrier and CW frequencies 
and an amplitude equal to this frequency difference multiplied by the ratio 
of the CW to the carrier amplitude. The error thus increases linearly with 
the frequency of the channel in which it falls but, since the channel levels 
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are also tapered in the same way, the signal-to-interference ratio is inde- 
pendent of the frequency of the disturbing CW. Varying the CW frequency 
only changes the number of the channel into which the interference falls. 
Loading the channels distributes the interference over several channels 
instead of concentrating it in one, but we have plotted in Fig. 20 the more 
severe case in which all channels are idle. 

We have not undertaken to compute curves for similar system inter- 
ference in the case of FDM-FM, but estimates for two extreme conditions 
can be made. In the case of low index FM systems the carrier frequency 
component of the spectrum is not affected by the modulating signal and the 
I'M wave is, in fact, like an AM wave with the carrier displaced 90 degrees 
in phase. A similar interfering FM wave combines with the wanted FM 
to produce frequency or amplitude variations and does this cyclically as 
the r-f phase between the systems varies. When the phases are appropriate 
for the production of frequency variation, crosstalk appears in the wanted 
reception at a level lower by the ratio of FM wave amplitude. Averaging 
over all r-f phases should reduce the crosstalk by 3.db. The actual amount 
of interference received in a channel is less than would be predicted from 
replacement of the interfering /FM wave by tluctuation noise of the same 
mean power spread over the r-f band, because the bulk of the interfering 
power is contained in the carrier component located at a frequency which 
does no harm. Increase of the frequency swing in both systems produces 
significant reduction in crosstalk when the carrier amplitude diminishes 
appreciably and important higher order sidebands appear, i.e. when the 
interfering system has its spectrum spread out more or less uniformly, like 
noise. Systems designed for wide swings under full load may, however, 
operate with only a few channels active; in such cases the low index situation 
may exist and the received interference will be down approximately by the 
ratio of the FM waves, without the benetit of FM advantage. While in 
this situation the bulk of the interfering power is again contained in the 
harmless carrier, the received interference is concentrated in a few channels 
and is greater than if the interfering wave power were spread, like noise, 
thinly over the r-f band, which in this case is many times wider than the 
band occupied by the low index signal. — For such adverse loading conditions, 
the curve for similar system interference, while starting at the left above 
the corresponding noise curve of Fig. 19, may actually cross over and tinally 
approach it from the lower side. 

In the case of systems of very wide swing such as are involved in Table II 
we regard the interfering system as equivalent, under all common load con- 


ditions, to noise spread uniformly over the bandwidth and having the same 


power as the interfering wave. The entry in Table IL is obtained by reading 
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the curve of Fig. 19 at 69 db audio signal-to-noise ratio which would be 
appropriate to yield 60 db when the ‘“‘noise” is marginal at 3 db below the 
I'M wave power instead of 12 db. A different procedure is required for 
the narrow band entries of Table IV. Here the emphasis on conservation 
of bandwidth leads to a two-frequency repeater plan with tolerance of 
similar system interference 44 db down. A 60 db audio signal-to-inter- 
ference ratio can be met under these conditions with moderate swings for 
which the equivalent noise representation of the interference is not valid. 
The result is considerably influenced. by the channel loading and we have no 
impeccable method of calculating the necessary bandwidth. We estimate 
that a bandwidth of 22.5 mc., with 8 = 14.5 mce., will satisfy the require- 
ments for all except unusually adverse loading conditions. 


Ill. BAND WiptH AND PowER TABLES 


The information contained in the curves of Fig. 9-20 has been used in 
preparing Tables II] and III, which show what can be done with the various 
systems when bandwidth is used freely. The prime objective studied here 
is the conservation of peak transmitted power. In Table IIL the audio 
channel must meet message circuit requirements” while, in Table III, a 
much better grade of performance—more than sufficient for transmission 
of high fidelity musical programs—is stipulated. We have prepared Ta- 
ble III (as well as Table V) on the basis of replacing the 1000 4-kc. message 
channels of Table II with 250 16-ke. channels. Since we have available 
established load rating theory only for message circuits, we have omitted 
EDM and FDM-FM from Table III (and Table V). The values of Table II 
are based on a nominal 60 db ratio of signal-to-noise, but it is assumed per- 
missible to meet this in the pulse systems by using 22 db of instantaneous 
companding so that only 38 db signal-to-noise ratio is actually required 
within the compandor. The PCM systems provide for a 39 db circuit 
within the compandor, corresponding to 6 binary digits, 3 quaternary digits, 
2 octonary digits or one 64-ary digit. No allowance is made for the accu- 
mulation of quantizing noise arising when several PCM links are connected 
in tandem at voice frequency. In practice, 7 binary digits might be used. 
This would provide for several links and would permit slightly more com- 
panding. Table II] assumes a 75 db signal-to-noise ratio and no compand- 
ing and is referred to here as a ‘‘program”’ circuit. We use such a high-grade 
circuit to illustrate more emphatically how the system preferences depend 


*% We do not pretend to deal fully with the involved matter of system requirements 
distinguishing between kinds of noise and interference or crosstalk that appear in message 
channels. We merely assume that the power of the separate types of disturbances con 
sidered must be individually 60 db below that of a full load test tone under the worst 
specified transmission condition. 
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upon signal-to-noise ratio. Both tables apply to long systems comprising 
133 repeaters spaced 30 miles apart. The span loss is 75 db. Three re- 
shaping or regeneration plans are shown: reshaping at every repeater, reshap- 
ing five times in the complete system, and no reshaping within the system. 

In the case of PCM, reshaping becomes a true regeneration which com- 
pletely removes noise accumulated in the transmission link; while, in the 
non-quantized pulse systems, reshaping restores the original pulse shape 
but retains timing or amplitude errors. In the case of FM systems, reshap- 
ing is accomplished by the amplitude limiter which removes envelope 
variations arising from noise, but does not suppress the accompanying fre- 
quency shifts. Reshaping, in contrast to regeneration, is only a partial 
prevention of cumulative effects but, as shown by the tables, it has definite 
value in enabling the use of wider transmission bands with corresponding 
smaller amounts of power than permissible without reshaping. Regenera- 
tion completely removes errors in both the amplitude and in the time. The 
maximum bandwidth which can be used is independent of the number of 
regenerations, but the signal power must be increased in proportion to the 
number of spans covered before regeneration. 

In the case of non-regenerative radio transmission systems, we may regard 
the 75 db span loss as 60 db free space loss plus a fading allowance of 15 db. 
This allowance is intended to cover the increment of noise caused by fading 
in the entire system. Available data on distribution of fading are too meager 
to permit generalization, but indicate that on some routes, at least, the total 
degradation suffered would rarely be worse than that produced by 15 db 
simultaneous fades on all spans; and hence a design based on 75 db span loss 
should satisfy the noise requirements except for an extremely small fraction 
of the time. In other words a few spans of the non-regenerative system 
may fade deeply but, in regard to total accumulated noise, the system is 
credited with the higher signal-to-noise ratio occurring on spans which are 
not simultaneously in fading minima. In regenerative PCM systems no 
credit accrues from a higher signal-to-noise ratio occurring between points 
of regeneration, and protection must be provided against the worst condition 
that is likely to occur in any section included between regeneration points. 

However, the values of minimum power obtained by lavish use of band- 
width exhibited in Tables HT and III may be particularly significant for 
wave guide transmission systems; and hence the assumption that all spans 
have the same loss is appropriate here. 

The outstanding features of Tables II and III are the extremely small 
amounts of power needed in the PCM systems with only moderate expendi- 
tures of bandwidth as compared with the non-quantized system. These 
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results illustrate the properties of PCM as a means of converting bandwidth 


into transmission advantage. 

The PCM-FM entries are taken from the curves of Fig. 16 plotted for 
noise 12 db down. Curves are also given in Fig. 16 for noise 18 db down. 
It will be noted that the bandwidths indicated become smaller when the 
noise is required to be farther down, but that the power requirements become 
greater because the bandwidth reduction factor is less than the factor multi- 
plying the r-f signal-to-noise ratio. 

The columns at the right in Tables II and II show the bandwidths which 
must be employed in order to attain a 60 db signai-to-interference ratio in 
the presence of one source of interference whose amplitude is just marginal 
for the type of system concerned. 

Tables IV and V are prepared from another point of view—that of con- 
serving bandwidth” instead of power. The systems particularly suited for 
narrow bands such as FDM and PAM-AM have been added to the list. 
The actual minimum bandwidths are, in many cases, determined by engi- 
neering judgment; smaller values than those tabulated may be possible at 
the expense of greatly increased power and precision requirements. Thus 
in the case of PPM-AM we have arbitrarily chosen 40 me as necessary for 
1000 4-ke channels. According to our initial postulate the audio signal- 
to-noise ratio vanishes at 32 mc, and indefinitely great signal power would 
be required as we approach this limit. In PAM-AM we have assumed that 
pulses in adjacent channels just touch, thereby setting the bandwidth at 
32 me. Smaller bandwidths could be used if the pulses were allowed to 
overlap. This would reduce the allowable duration of the channel gate 
and deprive the system of some of its tolerance to similar system interference 
as well as noise. The maximum pulse power required for 100% modulation 
is tabulated. If instantaneous sampling were used this would be 6 db above 
the unmodulated pulse power which is, in turn, 38 db above the mean total 
Huctuation power accumulated in a 32-me band from 133 spans. We have 
reduced the value of power thus computed by 1.7 db to allow for a calculated 
improvement in signal-to-noise ratio obtainable by gating at the channel 
input with a time function of the same shape as the signal pulse. 

The FM systems listed are of two kinds. The first is a relatively narrow- 
band type in which advantages such as relative immunity to gain fluctua- 
tion and amplitude non-linearity are sought with small increment in band- 
width over AM. Since these objectives are not sufficient in themselves to 
fix the actual bandwidth needed, an arbitrary additional requirement has 

*® We do not here entertain the idea of using certain exchange methods to permit use of 
less band width than the conventional minimum of 4 ke per channel, but rather to use 


modest amounts of additional band width. Appendix LIT discusses briefly a band reduc 
tion principle, 
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Minimum BAND WIDTHS AND CORRESPONDING POWER REQUIREMENTS FOR MESSAGE TYPE 


Circuits 


133 30-mi spans, 1000 4-ke channels, 15 db NF. 
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TABLE 1V—Concluded 
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REGENERATE AT EVERY REPEATER IN PCM 


(1) INTERFERING SYSTEM IDLE; ACTIVITY HAS SMALL EFFECT. 


(2) ASSUMING 12.5% CHANNEL ACTIVITY. 








TABLE V 
Minimum BANp WipTHS AND CORRESPONDING POWER REQUIREMENTS FOR PROGRAM TYPE 
Circuits 


133 30-mi spans, 250 16-ke channels, 15 db NF. 
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been imposed that the transmitted power in the FM system should be 
equal to that required in the corresponding AM system. ‘The resulting 
values of bandwidth are found to be reasonable ones for low index FM. 
An exception is made in the case of FDM-FM systems of message type where 
it is found that a net economy of frequency occupancy can be obtained by 
increasing the frequency swing sufficiently to tolerate similar system inter- 
ference 44 db down. This enables the two-frequency repeater plan of Fig. 4, 
as discussed in Section I, to be used and substantially reduces the frequency 
occupancy over that of a lower index FM system more vulnerable to antenna 
crosstalk and therefore requiring more frequency assignments. We have 
estimated that a radio signal bandwidth of 22.5 mc achieves the required 
44 db tolerance. The second type of FM is a wide-band system designed 
for specified tolerances of interference from similar systems. Data on this 
second type will be used later in our study of inter-route interference, where 
it will appear that ruggedness is a more important criterion of frequency 
occupancy than the minimum bandwidth needed for transmission. 

No curves have been furnished to determine the FDM entries, since there 
is no variation with radio bandwidth to consider. The band required is 
merely the number of channels multiplied by the width of a channel. The 
power required for message channels is determined by calculating the amount 
of power in one channel to give a 60 db margin over mean fluctuation noise 
power in a 4-ke band and applying the multiplex addition factor of Table L. 
Similar system interference is simply linear crosstalk and must be, we say, 
60 db down. CW interference referred to maximum system power must 
be down an additional amount equal to the multiplex addition factor of 
Table I in order to meet 60 db suppression in the disturbed channel. Since 
the two-frequency plan of Fig. 4 does not suppress interference between the 
two directions of a single route by 60 db, we must use twice as many fre- 
quency assignments as there shown. ‘This duplication will appear in Table 
VI. FDM is the only system of Table IV for which such duplication is 
necessary, since the others do not require more than 44 db suppression. 
In the program type systems of Table V, however, the first four listed would 
need duplicated frequency assignments. 

The PCM-AM systems of course do not use any smaller bandwidths than 
those given in Tables II and III and would, therefore, be expected to show 
disadvantageously in a bandwidth comparison with the other systems. On 
the other hand they make, relatively, a good showing in power requirements 
and in tolerance to CW and similar system interference. 

In the next section we shall show that economy of bandwidth may, in 
fact, be illusory because of the greater susceptibility to intra- and inter- 
system interference associated with narrow band methods. It is not the 
bandwidth actually needed for transmission that is important, but the 
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tightness with which the bands may be packed into the frequency range 
without mutual interference. Because of the ruggedness of low-base PCM, 
neighboring frequency bands can actually be allowed to overlap. Introduc- 
tion of the proper spacing factors for satisfactory separation in frequency 
between adjacent bands causes the PCM system to overtake the other 
methods in effective utilization of frequency space, especially when inter- 
secting routes are involved. 

The PCM-FM systems listed in Tables IV and V are of the second class 
listed above, in which equivalent ruggedness rather than equivalent power 
as compared to AM is the criterion. Thus, binary PCM-AM is compared 
with a PCM-FM system having the same 9-db tolerance of interference. 
The curves of Fig. 17 show that, with such a tolerance, the minimum PCM- 
I'M bandwidth is secured when the base is either three or four. We choose 
the quaternary case here because the signal-to-noise ratios obtainable co- 
incide with those of the binary. Likewise, either octonary or hexary 
PCM-FM furnishes the optimum base for the 18.5 db tolerance possessed by 
quaternary PCM-AM and, of the two, octonary is more suitable for our tabu- 
lation. In determining the power required to override fluctuation noise in a 
PCM-FM system designed for a specified tolerance of similar system inter- 
ference, we must make sure that both the limiter and slicer are protected 
against breaking. 

The values of repeater power capacity shown in Tables IV and V will 
satisfy the noise requirements on a 133-span non-regenerated circuit with 
75 db loss on ail spans. For spans of 60 db free space loss the tabulated 
power thus provides for 15 db fades simultaneously on all spans, or for 13 db 
simultaneous fades of 25 db, or for a single fade of 36 db. PCM systems 
employing regeneration on every span must be powered for the deepest 
fade that is likely to be encountered. We have arbitrarily taken this to 
be 25 db making the span loss 85 db. This is probably not a sufficient 
allowance for some situations but will serve for illustrative purposes. If 
regeneration were not practiced the power would be 25 — 15 = 10 db 
lower from the fading allowance standpoint but would have to be increased 
10 log 133 = 21 db for noise accumulation, so regeneration results in a 
power saving of 11 db. If, with regeneration, we were to protect each span 
against the deepest single fade (36 db) permitted by the power provided 
for non-regenerative operation, the power advantage of regeneration would 
disappear (36 — 15 — 21 = Odb). 

In general, when the power without regeneration protects against simul- 
taneous fades upwards of just a few db there is little or no power advantage 
in regeneration if we then protect each span against the deepest single fade 
permitted when regeneration is not practiced. This is true even for large 
numbers of spans. There remain, however, important advantages for 
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regeneration in preventing accumulation of disturbances that are not much 
affected by the distribution of fading. 


IV. FREQUENCY OccUPANCY TABLES For RApIo RELAY 

The frequency space occupancy for a single two-way route is, according 
to principles laid down in the introduction, a frequency block 2U’ times the 
signal bandwidth.*” Our problem, as stated in the introduction, is to ex- 
amine the situations arising when a number of 1000-channel routes converge 
toward a terminal city, assuming all of the routes to be of the same kind. 
We will determine the number of times the above frequency blocks must 
be repeated in the spectrum in order to keep interference within tolerable 
bounds. The sum of these blocks then really defines the frequency occu- 
pancy and determines the space which must be allocated or, conversely, 
determines the number of routes a given allocation will accommodate. 
We will use the tolerable ratios of similar system interference taken from 
Tables IV and V, together with appropriate antenna directivity, to deter- 
mine the number of these blocks. 


ANTENNA CHARACTERISTICS 


The directional discrimination afforded by the antennas is obviously an 
important factor in frequency economy. For our present study, we employ 
an antenna having a directional pattern slightly superior to that of the 
4000-me shielded lens antenna in use on the New York-Boston radio relay 
circuit. Figure 21 shows the assumed directional characteristic omitting 
“nulls” between the minor lobes. Of importance also are the nearby dis- 
crimination characteristics of the antennas as given in Fig. 4. 

The situations arising at a point where a number of routes converge (or 
cross) or where a route is equipped with a spur connection are variations of 
that occurring at a single repeater point. In fact, the situation in which 
two routes converge from approximately opposite directions occurs at every 
repeater point in a straight route, while a repeater point at which the route 
bends sharply is like a terminal point at which two routes converge at a 
small angle. 

The crosstalk in our assumed two-frequency long distance repeater system 
has been estimated in Section I (under ““The Radio Repeater’’) and was 
found equivalent to a single source of similar system interference 44 db 
down. <A system which possesses just enough tolerance to withstand the 
accumulated crosstalk on a long straight repeater system is not capable of 
meeting another such system at an angle unless additional frequencies are 

27 In the case of very tender systems, such as FDM, the factor 2U is replaced by 4U be- 


cause a four-frequency plan is needed for a two-way repeater. U is the band spacing 
factor discussed under “The Radio Repeater.” 
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The FDM-FM system of ‘minimum band width” listed in Ta- 


ble IV is intended to possess this 44 db tolerance. To illustrate the require- 


ment of new frequencies let us take the case of several FDM-FM routes 
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Fig. 21—Assumed directional selectivity of 10 ft. x 10 ft. antenna at 4000 me. 
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Fig. 22—Simplified route pattern for study of selectivity required in congested localities. 
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converging in the manner suggested by any of the diagrams of Fig. 22. A 
critical situation occurs in regard to the frequencies used for receiving at 


the point toward which the systems converge. 


If the same receiving 
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frequency were to be used on two or more routes, receiving directional dis- 
crimination amounting to 75 db would have to be secured: 


1. Required interference ratio 44 db from Table IV FDM-FM 
2. Allowance for repeater crosstalk 1 (51 db down) 
3. Differential fading allowance*® 30 

75 db 


The repeater crosstalk is here taken to be equivalent to one source 51 db 
down which is the value corresponding to no differential fading on adjacent 
spans as calculated in Section I. It will be remembered that allowance was 
made for a single differential fade of 30 db occurring somewhere along the 
route. Here we assume that this differential fade may occur between two 
of the converging paths and we demand that the receiving directional dis- 
crimination shall protect the system against such an occurrence. In this 
case the required directional discrimination turns out to be equal to the 
75 db front-back ratio from which the 44 db figure was obtained. This is 
manifestly impossible with the assumed directivity characteristic*® and the 
angles involved. ‘Therefore, different receiving frequencies are required on 
each route. These same frequencies may be used for transmitting at the 
junction, provided the disposition of terminals is such as to provide enough 
directional discrimination and physical separation to permit operation at 
the low received level in the face of the high transmitted level on the same 
frequency. The interference path loss plus antenna discrimination must be, 
for the case involving the longest span: 


1. Required interference ratio 44 db (FDM-FM, Table IV) 
2. Allowance for repeater crosstalk 1 
3. Free space span loss 60 
4, Fading allowance a0 
130 db 


We continue our discussion of the converging routes of Fig. 22 by assum 
ing that: 

1. Conditions encountered elsewhere on the routes do not restrict the 
freedom to switch the frequencies among the routes. 

2. The disposition of terminals at the junction is such that inter-terminal 
interference is not a controlling factor. ™ 
Under the above assumptions the directional discrimination of the terminal 

* This differential fading allowance corresponds to a fade of 25 db below free space on 
one route and a 5 db increase over free space on the other. 


29 The use of perpendicular polarizations cannot, we assume, be counted on to give 
further discrimination when the directional! discrimination is already 40 or more decibels. 
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antennas alone determines the number of different frequencies. The same 
receiving frequency may be used at the junction on two routes separated by 
an angle sufficient to yield the required antenna discrimination. All inter- 
vening routes must employ different frequencies. The frequencies so deter- 
mined may be used for transmitting from the junction if they are staggered 
with respect to the receiving frequencies. ‘Take, for instance, the five-route 
plan shown in Fig. 22. Suppose the directional discrimination needs to be 
60 db for a particular system. The directional pattern shows that this 
requirement is met at 85 degrees. Thus, routes 1 and 4 may use frequency 
A, say. Routes 2 and 3 then must use different frequencies, B and C. 
Thus, we have: 


Route 1 2 3 4 5 

Trans. Freq. A B C A B 

Rec. Freq. 8 Cc A B ts 
or (C A b te A) 


\ 


While the treatment of the route congestion problem outlined above is 
oversimplified it enables us to make a broad survey having some significance, 

Table VI for 1000 4-ke message channels and Table VII for 250 16-ke 
“program’’ channels were derived on the above basis. The decibel figures 
at the head of each column are the allowable interference ratios from Tables 
IV and V increased by 30 db for differential fading.*® A single source of 
interference of the values given in the table is supposed to degrade the 
circuit to the minimum requirements for a long circuit. In regenerative 
PCM there is no accumulation of degradation due to interference occurring on 
various spans. In non-quantized systems such degradations are cumulative. 
However, when protection to the above values is provided, with no allowance 
of 30 db for differential fading of the desired and interfering signals, the oc- 
currence of simultaneous additional degradations is extremely unlikely. Pro- 
tection against this severe fading at one point alternately protects against 
the simultaneous occurrence of several less severe fades. 

The values of repeater power capacity shown in the table will satisfy the 
noise requirements on a 133-span transcontinental nonregenerated circuit 
with 15 db fades simultaneously on all spans. This is equivalent to pro- 
viding for 13 simultaneous fades of 25 db or, statistically, for the fading 
that is not likely to be exceeded except during a small fraction of the time. 
The PCM systems employing regeneration are powered for 25 db fades on 
any or all spans.*' The free space span loss is 60 db. 

In computing the frequency occupancy we take cognizance of the fact 

°° The FDM-FM entry provides 1 db additional allowance for repeater crosstalk as 
mentioned before. Repeater crosstalk is negligible in the other systems. 


31 No such distinction was made in Tables Il and HI. There, provision was made for 75 
db span loss in all cases. 
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that systems of different vulnerability require different guard space to pro- 
tect against adjacent-band crosstalk. In Section VII it is concluded that 
with binary PCM-AM the band spacing could perhaps be as small as 1.5/7» 
with realizable filters and gates. 7 is the time allotted to one pulse. 
Underlying the meaning of B as used heretofore in connection with PCM- 
AM, is the relation 7) = 2/8. If the band spacing is to be taken as 1.5/7, , 
the band spacing may be expressed in terms of Bas 0.75 B. In other words, 
the band spacing factor U may be reduced to 0.75. 

In the case of ideal FM systems the receiving frequency discrimination 
need not suppress adjacent radio signal bands to anywhere near the degree 
required of co-channel interference, provided the near edges of the adjacent 
signal bands differ by more than the width of the baseband filter. We do 
not, of course, assume ideal apparatus and have been rather liberal in guard 
space allowance. 

The following band spacing factors, to be used with the bandwidths of 
Tables IV and V, are considered realizable and consistent with the shape 
of the spectrum to be transmitted. A reduction to practice would likely 
lead to somewhat different factors but these will suffice for our illustra- 
tive Tables VI and VII. In the non-regenerative systems, the spacing 
factor required to protect against interference from new frequencies required 
at a junction is, perhaps, less than is required to protect against interference 
at every repeater on a long route. A small economy in occupancy could 
properly be invoked on this account in some cases but, in the interest of 
simplicity, this has been neglected, and the same factor U will be associated 
with every frequency required. 


System OF TABLE VI Factor U 
EDM ye 
Fh DM-FM 3 
PPM-AM 2 
PPM-FM 2 
PAM-AM 2 
PAM-IFM (narrow band) 2 
PAM-FM (wide band) ES 
PCM-AM (64-ary) 2 
PCM-AM (quaternary) 0.9 
PCM-AM (binary)" 0.75 
PCM-IF'M (64-ary) 2 
PCM-FM (octonary) | Bs 
PCM-FM (quaternary) 1.5 


2’The experimental system described by Meacham and Peterson (loc. cit.) employs a 
spacing factor of 1.12. 
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TABLE VII—Concluded 




















SYSTEM PCM -~AM 
a . 
w PCM-FM o BINARY QUATERNARY 
ru pani Nae rw (39 DB) (48.5 DB) 

a2 ag Ne 
30 : » 20 uN >N w> bz 
< a re < > i og * a Va 
20 , <= a” Go wos &§ So os 83 

z 20 a) Zz w Z < w2 2 rm 
a vas) z uw ert > re “| a er 
42 Wg oO” a oS So 20 oS 590 ae 

Zz mm ie Zz 235 at Ga Za oo SG 
2 =~ oo = ow w a nw wo a- 
G a ac t<€ a «x < a4 
uo uD a ve Se of 2 
a? Qa ue a 

2000 


1000 




















2000 


1000 
0 





2000 


1000 


















































IN WATTS 
f' 


POWER REQ. 

















Y3MOd AWVS JO 3SION SV G3LVINIIVI SONSYIIYILNI y y NOILD31L30 SNAGOWOH ‘Syx3IdevD GISSAYNddNS ~ 





N SOlilvy ADNWdNDDO 

















INWINDIO 
aa 














CHNICAL JOURNAL 


9 
4 





M TI 


N fOlLwy ADNWINDDO 
s‘l €'l 


+ 
9 








— 
~ 
Y 
~ 
” 
~ 
=~ 


=) 


BE 








(ALIAILOV 


W3i-Wod Wv-WId xx WSI-WOS %S'21) Wi-Wdd Wv-Wdd 80 Ni Oliva 
Wsi-Wvd DW NI SIN3Y35YNSLNI 


HLOIM ONVS W31SAS 


cutee oe STSNNVHD 3dAl1-39vSS3W 000L ad 












































*Aouedns90 Aouanbasy aANejai moys Sievq payd}eyssoid fyJpLupuRq MoYsS sieq pej0q 
SSANGADOAY TvAOY JO SWALSAS AOA AONVANOOG AONANOANT ANV HLGIAA GNVG 4aO SNOSTAVdNWOD 
TWA Adv 








OUIUN PERRO RON VAL VLA EY Av WV IVe VI Yee Fe 


* SUPPRESSED CARRIER, HOMODYNE DETECTION 





BAND WIDTH AND TRANSMISSION PERFORMANCE 


551 


These factors were multiplied by the product of bandwidth and number of 
frequencies to obtain the dotted bars in Table VI. 

In regard to the “program grade” of circuit we must be more liberal in 
our allowance for guard space. Our estimates for the band spacing factor 
are: 


SYSTEM OF TABLE VII Factor U 
PPM-AM 4 
PPM-I'M 4 
PAM-AM 4 
PAM-I'M (narrow band) 4 
PAM-IM (wide band) 3 
PCM-AM (quaternary) 0.9 
PCM-AM (binary) 0.75 
PCM-IM (octonary) 5 


PCM-FM (quaternary) 


These factors were used to compute the dotted bars in Table VII. 

If transmission on two polarizations can be accomplished with mutual 
cross-fire suppressed to a sufficient degree, half of the channels could be 
transmitted by each polarization, on the same frequency, thus halving the 
frequency occupancy. <A probably unattainable cross-fire ratio seems neces- 
sary to meet the requirements in the non-regenerative systems, if we remem- 
ber that the interference produced by cross-fire accumulates from span to 
span; but a suppression likely to be attainable, of the order of 15-20 db, 
makes this frequency saving feasible in the rugged systems such as binary 
PCM-AM or PCM-FM._ The tables show entries for binary and quaternary 
PCM-AM, assuming dual polarization transmission. 

If antennas could be improved to insure nearby discrimination ratios 
adequate to allow use of the same frequency in and out and west and east, 
the single-route occupancy would be halved again; with such a one-frequency 
repeater plan the occupancy in a congested area is not, however, always 
halved. Whenever the frequency requirements, as determined by the 
terminal antenna directivity, result in two or more frequencies, A, B,C... 
etc., there is no saving accruing from a one-frequency repeater plan, because 


two-frequency routes can be accommodated with no additional frequencies 
by suitably switching frequencies. It is only in the case of a system so 
rugged that the terminal antenna directivity permits a single frequency, A, 
to be used that the occupancy is reduced and it is then halved. With PCM 
of low base this is a possibility and the tables include entries for this case. 

As to achieving antenna characteristics suitable for one-frequency opera- 
tion, it may be noted that reflection from a heavy rainfall in front of the 
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antennas limits the attainable side-to-side ratio." Reflection from aircraft 


may also impose a practical limitation. Spacing the antennas laterally (on 
two towers) would achieve freedom from these limitations. Another way 
of coping with the antenna discrimination obstacle is to use short spans in 
congested areas. This reduces the discrimination requirements particularly 
because fading is reduced by shortening the spans. 


CONCLUSIONS AS TO RADIO 


Of the systems included in Table VI we find that, for six routes, binary 
PCM-AM, even without the potential frequency economy of dual polariza- 
tion and/or single-frequency repeaters, has come close to being the most 
economical of frequency space; quaternary PCM-AM shows a slight advan- 
tage (which would be lost if the route spacing were less than fifteen degrees). 
Even without dual polarization or single-frequency repeaters, the binary 
PCM-AM occupancy is less, for more than 3 routes, than the occupancy 
required by FDM whose band width is 4 ke per channel. There is here an 
excellent illustration of the possibility of a net saving in frequency space 
through the use of tough wide-band systems. 

The power requirements also favor the low-base PCM systems. It should 
be noted, in particular, that the linearity requirements with FDM demand 
that the tabulated power of 80 watts be a very light load on the repeaters. 

Inspection of Table VII brings out the effectiveness of the coding prin- 
ciple if very high-grade channels are required. Only with PCM (of low 
base, as shown) are the occupancy and power requirements both within the 
practical realm. The non-PCM methods that achieve small occupancy, 
comparable with that of low-base PCM, all require colossal amounts of 
power. When the power requirement is reduced and the ruggedness in- 
creased by use of band width, the occupancy becomes, in turn, colossal. 
This is illustrated by the two entries for PAM-FM. 

As route congestion increases without limit, any type of system that 
permits exchange between bandwidth and ruggedness will always achieve 
the minimum occupancy when bandwidth has been used to secure the 
degree of ruggedness that avoids multiplying the frequency assignments. 
Our studies have shown that, with the assumptions made, this result is valid 
for channels of message grade when the congestion has reached a degree 
that is by no means fantastic. We have accordingly prepared Table VIII 
in which the dotted bars show the bandwidths (taken from Fig. 9-19) of the 
various systems when their interference tolerances are alike and have values 
of 18.5, 9, and 3 db. While these systems, having the same tolerance, all 

32 Measurements made at the BTL radio laboratory at Holmdel, N. J. indicate that this 
limit to side-to-side ratio is of the order of 85 to 90 db. 


33 The AM pulse systems are here assumed to achieve the 6 db increase in tolerance by 
suppressing the carrier, 
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fare alike in respect to frequency requirements imposed by antenna direc- 
tivity, the bandwidth figures do not adequately reflect the merits of the 
systems. This is because the band-spacing factors are different and, in 
addition, only the regenerative systems can be expected to achieve the 
halving of occupancy accruing from dual polarization and from one-fre- 


quency routes. The crosshatched bars of Table VIII include the effect of 
multiplying by the estimated band-spacing factors shown beneath the bars. 
These band spacing factors are in some cases smaller than those previously 
tabulated for the less rugged systems of Tables IV and V. Only the PCM 
methods are shown for the case of very high-grade channels, since the non- 
PCM methods are so strikingly less effective here. 

These conclusions depend for validity on the assumptions made and par- 
ticularly on those concerning antennas, route disposition and fading, and 
apply when the converging systems are of the same kind. Ina real situation, 
departures from the assumed conditions could markedly affect the conclu- 
sions. Jor instance, the meritorious showing of PCM in respect to efficient 
utilization of frequency space in the face of route congestion depends heavily 
on the assumption that all routes in the occupied space employ PCM. 
Any routes employing a modulation method that is highly vulnerable to 
interference like some of the narrower bandwidth methods would have to 
employ higher power to operate in the face of interference from the PCM 
routes. This higher power, concentrated in a narrower band, could destroy 
the PCM routes. In some cases it would obviously be impossible to assign 
values of power which permit the two kinds of routes to share the same 
frequency band. 

Our calculations should be taken to illustrate the factors involved and 
the philosophy by which such problems may be approached rather than 
to find an unequivocally best system. 


V. More Asout THE Non-SIMULTANEOUS LOAD ADVANTAGE 


The transmission advantage enjoyed by multiplexing many single side- 
band telephone channels in frequency division, discussed in the introduction, 
stems from several factors: 

1. During the busiest period, only a small percentage (of the order of 
12 to 15%) of the channels are actually transmitting speech (“talk spurts’’) 
at one time, on the average. 

2. There are only a few loud talkers; the remaining ones range downward 
to a volume 35 to 40 db lower. 

3. In the addition of the sideband voltages representing the talkers actu- 
ally producing talk spurts, only a fraction of the grand maximum occurs 
often enough to be significant. 

With frequency division all of these factors jointly contribute in a natural 
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and automatic manner to the low peak load ratings given in Table I. In 
time division, complicated instrumentation is needed to obtain such a low 
load rating (in time, now, not power capacity) and the saving is in bandwidth 
time). Savings accruing from item (1) above are theoretically obtainable 
in all time-division systems (and, in fact, in nonmultiplexed multipair cable 
transmission systems) by having automatic devices which skip the channels 
that are momentarily inactive and which advise the receiver of the skipping. 
It is possible also to benefit from items (2) and (3) above in systems which 
transmit a time interval to represent an amplitude. The amplittides may 
be sent as absolute magnitudes together with a polarity indication. If this 
is done the channel time allotments actually required in a given multiplex 
frame appear piled up end to end, and many more channels can be handled 
than if provision were made for full amplitude on all. PPM is one such 
system, and PCM is another if the code symbols containing fewest digits 
are used to represent the smallest absolute magnitudes. 

The use of instantaneous companding, which tends to make all talkers 
contribute equally to the system load, reduces the advantage represented 
by (2) above, but does not basically affect (1) which represents a substantial 
part of the total multiplex advantage. 

It is illuminating to compute the performance of a pulse length modula- 
tion system (PLM) employing the elastic time allotment and assuming that 
the load ratings of Table I apply. We imagine a system working on the 
principles illustrated in Fig. 23. There we assign a time 7(= 2, B) to each 
inactive channel. Active channels whose absolute amplitudes are described 
by /, are assigned ¢ + 37 and those that are negative are preceded by a 
2T pulse to designate that they are negative. If the interference is no 
greater than marginal (9 db down) the receiver can distinguish between (a), 
the 7 intervals which count off the channels that are skipped and (b), the 
2T polarity indications and (c), the 37° minimum signal intervals. The 
frame time of 125 microseconds must include the sum of these intervals 
plus Av’y where fo is the time shift for a full-load tone in a single channel 
which gives the required signal-to-noise ratio for the bandwidth B( = 2/7). 
The load rating factor is A, expressed as an amplitude ratio. The rela- 
tions used to plot the two curves of Fig. 23 are shown in the insert. Little 
or no instantaneous companding could be used to advantage so that a 
signal-to-interference ratio of 50 to 60 db would be required and for 1000 
channels the bandwidth would be between 30 and 50 mc, which is some two 
or three-fold less than in binary PCM-AM, both systems being equally 
tolerant to a single source of CW interference. The elastic principle could 
presumably be applied to PCM also to achieve a several-fold bandwidth 
reduction, but no experience has been obtained with any of these elastic 
systems. While this paper has avoided for the most part questions of instru- 
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mentation, it should be pointed out that the elastic schemes tend to become 
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that future developments may resolve the complexity, there remains the 
objection that any system designed to take advantage of the multiplex load 
rating counts heavily on being used almost exclusively for conversational 
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speech under present operating procedures. The extensive use of telephone 
channels for nontelephone purposes is thus curtailed. 


VI. OvERLOAD DISTORTION AND NOISE THRESHOLD 


In designing a microwave system for a large number of channels the power 
required to override noise may exceed the power capacity of available ampli- 
fiers. Also, the bandwidth may exceed the limit imposed by microwave 
transmission phenomena or circuit techniques. In either case, the remedy 
is to divide the channels into several groups of fewer channels and trans- 
mit the groups in adjacent narrower bands spaced by the proper factor U, 
and separable with filters for individual amplification, reshaping or regenera- 
tion. The power requirement falls off linearly with bandwidth. The filter 
problem for AM pulse transmission is considered in Section VII. The total 
frequency occupancy is no greater for this division since the same percentage 
“guard band” is involved if, in both cases, the neighboring, foreign signals 
are of the same kind as the wanted signals. In case the neighboring signals 
are of a different kind, the multiple band arrangement is in fact likely to 
represent a smaller occupancy because the occupancy is in general more 
sharply defined when made up of several narrower bands. 

When considering a multiple group arrangement, it may be economical 
to provide for a substantial amount of common amplification prior to separa- 
tion into the several bands which receive individual treatment. The non- 
linearity of the common amplifier then sets a limit to the common amplifica- 
tion. Experiments bearing on this overload limit were made with the PCM 
equipment described by Meacham and Peterson.’ Two- and eight-fre- 
quency groups were employed and the amplifier load was increased until 
the effects of distortion began to appear. The distortion was measured in 
terms of the maximum amount of CW interference which, when added to 
the amplifier output, resulted in no audible effect in the PCM channels. 
The right-hand part of Fig. 24 plots the results. For eight bands (six of 
which were not pulsed but were left on as unmodulated carriers) it is seen 
that the margin provided against CW interference begins to shrink rapidly 
when the single group load is 20 db below the output at which 1 db compres- 
sion occurs. The margin is completely used up (the channels begin to show 
noise) when the load is 13 db higher. The left-hand part of Fig. 24 plots 
the manner in which the low level limitation (noise) was found to appear. 
Margin against CW interference shows a reduction for a pulse-to-noise ratio 
of 28 db and is completely used up at a ratio of 18 db. 

The overload occurred in the 4000-mc power amplifier associated with the 
repeater, and the noise originated in the receiver. 

In non-reshaping amplitude-modulated systems, the effect of compression 


2 Loc. cit. 
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occurring in the repeaters is cumulative. In microwave repeaters second- 
order distortion products fall outside the band and third-order distortion 
is likely to be predominant. We assume in what follows that the distortion 
arises solely from a cubic term. When the low-level gains of the repeaters 
are maintained equal to the preceding span losses, it can be shown that the 


a 


single-frequency compression characteristic at the end of 7 spans is approxi- 
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Fig. 24—-Noise threshold and overload ceiling in frequency divided PCM groups. 


mately the same as for one span but occurs at a power level 10 log m db 
lower. This approximation becomes more exact as the over-all distortion 
involved becomes less (as by lower input power). Fig. 25 shows a third 
order compression curve for one span and the resulting curves, obtained 
graphically, for 2, 4 and 10 spans. Examination of these curves shows that 
the curves are substantially the same as for the single span but displaced, 
3, 6 and 10 db respectively. This is illustrated by line A, which intersects 
all of the curves at the same compression value (1.7 db). The points 











558 BELL SYSTEM TECHNICAL JOURNAL 


marking the intersections are seen to be displaced from the intersection 
with the curve for one span by approximately 3,6 and 10 db. _ If the phase of 
the repeaters is as linear as it must be in pulse systems, this single frequency 
characteristic can be applied for the entire signal band as if it resulted from 
a single source of third-order distortion. The effect of this distortion is 
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serious in multiband PCM repeaters, as illustrated by the measurements 
on Fig. 24, but is, generally speaking, less important in single band pulse 
repeaters. For instance** PPM-AM pulses and binary PCM-AM pulses 
might operate on the flat part of curve 10 (Fig. 25). With PCM of higher 

*4On the grounds that pulse slicers themselves include the compression function to a 
high degree, one might not see the harm of compression in repeaters. If all of the com- 
pression occurred after the noise had been acquired there would be no fundamental com- 
pression penalty in slicing pulse systems. The penalty comes about because as the pulses 
progress from span to span they shrink and become more vulnerable to noise. 
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base as well as with PAM, the repeater loading would have to be sharply 
reduced, however. 

More power on all spans could be obtained by making the repeater gain 
greater than the span loss. This very quickly defeats its purpose, however, 
because the excess low-level gain raises low-level noise between pulses to a 
high level status as it progresses from span to span. 

Reshaping of AM pulses (and of course regeneration in PCM-AM) at 
all repeaters avoids the cumulative effect of compression by permitting the 
repeater gain to be greater than the span loss by the amount of compression 
on one span. 

When a signal is transmitted by FM, the phase curve of the transmission 
circuit plays a role somewhat analogous to the amplitude characteristic of 
an AM system. ‘The correspondence is not complete, however, for we find 
that modulation products arising from even-order phase distortion as well 
as from odd fall in the signal band even though the FM band is located in a 
frequency range very high compared with the baseband width. For ampli- 
tude modulated signals in the baseband, we can replace the FM phase 
distortion effects by an equivalent non-linear baseband amplifier charac- 
teristic which has the same shape with ‘respect to zero voltage input as the 
phase characteristic has with respect to the midband frequency of the FM 
range. If the distortion is small, the square and cube law approximations 
obtained by expanding the phase-shift function about the mid frequency 
may be applied as in conventional multichannel cross-modulation theory.* 
We shall not here attempt to discuss the accumulation of phase distortion 
in a multi-repeater FM system. 


VII. Putses, SPECTRA, AND FILTERS 

In this section, we will consider: (1) pulse shapes in relation to the par- 
ticular pulse modulation method employing them, (2) the shaping filters by 
which they may be obtained and (3) the transmitting and receiving filters 
employed in systems comprising a multiplicity of adjacent frequency bands 
each carrying pulse signals. 

Column A of Fig. 26 shows various pulse shapes which can be approxi- 
mated (with the exception of shapes 8 and 9) by fairly simple circuits, both 
in the baseband and radio spectrum. Pulse 1 is an ‘‘unshaped” rectangular 
pulse. A good approximation to it can be obtained in wide-band circuits 
accommodating the extensive spectrum it possesses, i.e., in circuits having 
rise and decay times short compared with the duration 7). Such a pulse 
when transmitted through Gaussian filters of the various widths shown in 


% W.R. Bennett, “Cross-Modulation in Multichannel Amplifiers” Bell System Technical 
Journal, Vol. 19, pp. 587-610, October, 1940. 
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column C emerges with smooth transitions as shown in 2, 3 and 4. These 
pulses rise and fall in a nearly sinusoidal manner. The width between half- 
amplitude points is 7). Shortening the rectangular pulse (‘“curbing’’) 
and narrowing the shaping filter can be made to result in pulses 5 and 6 
which have the same width between, say, 3°% points (at 4) as pulse 4. 
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Fig. 26—Typical pulses and their spectra. 


Pulses 5 and 6 are then shorter than 4 between half-amplitude points. If 
the half-amplitude width is made the same as in pulse 4 the width between 
lower amplitude points is greater than in pulse 4. This is illustrated in 
pulse 7. 
Gaussian filters* as defined here are naturally linear phase networks 
% Gaussian filters are networks whose transfer admittance follows the error law as a 


function of frequency. A decibel plot of a bandpass Gaussian filter is accordingly a para- 
bola in shape. 
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and we have assumed linear phase in computing pulses 2 to 7. A good 
approximation to the Gaussian filter can be obtained both as to phase and 
amplitude with a number of tuned circuits in tandem, coupled through 
buffers. A fair approximation can also be obtained by combining a 3- or 
4-section maximally flat filter*? with a tuned circuit through a buffer. 

Rectangular or near-rectangular shaping filters produce pulses with over- 
shoot as shown by pulses 8 to 11. The filter corresponding to pulses 8 and 9 
is assumed to have rectangular shape and linear phase. Filters of this sort 
have no simple approximation in practice and are included for comparison 
with filters 10 and 11 which are made up of simple maximally flat networks. 
In pulses 9, 10 and 11 the ‘‘unshaped pulse” is assumed to be very narrow 
and of amplitude sufficient to yield pulses of the heights shown. 

Let us now regard these pulses as received pulses and compare them in 
respect to shape for use in various kinds of pulse systems. 

PPM. In PPM the pulses may occupy any time position in the assigned 
interval and so the tails of pulses 8 to 11 may ‘‘crosstalk” into time assigned 
to an adjacent channel. To allow guard time for the train of tails or to 
design for satisfactory operation in the presence of the tails is uneconomical 
of frequency space. It follows that pulses which are more definitely bounded 
in time such as those obtained with Gaussian filters are more desirable and 
likely to be more economical of frequency space in general despite their 
wider spectrum. 

In PPM where the trailing (or leading) edge of a pulse is used to convey 
the information a flat top pulse such as pulse 2 is no better than one in which 
the flat portion is absent and the two transitions brought together.** The 
latter pulse would, in fact, be superior since more time would then be avail- 
able for additional channels or for greater swing. 

We are thus led to conclude that one of the pulses in the 4 to 6 group is 
the preferred shape for PPM. We chose pulse 4 in our illustrative calcula- 
tions and defined bandwidth as 2,7), but pulses 5 or 6 would have given 
substantially the same results. 

PAM. : In PAM the pulses occur at standardized, regular times so that 
if pulse 9 were used the accompanying tails, which disappear completely 
at instants 7), 27), etc., from the pulse peak, need not theoretically pro- 
duce crosstalk between channels if the channels are spaced 7» and the pulse 
amplitudes are measured instantaneously at the time the nulls occur. Asa 
practical matter both the precise pulse shape and the instantaneous measure- 

37 W. W. Mumiord, “Maximally-Flat Filters in Wave Guide,” Bell Sys. Tech. Jl., Vol. 27, 
October, 1948, pp. 684-713. 

38 Such a pulse would look like pulse 4 if the latter were shrunk to occupy 0.6 of the time 
shown in the plot. The spectrum would accordingly be that of pulse 4 expanded by the 
factor 1.7 but would not include more significant band width than is necessary to form pulse 


2as shown. This deduction follows from the fact that the rise time of pulse 2 is the same 
with or without the flat top. 
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ments at precise instants are probably not realizable to a degree which 
would keep the crosstalk within tolerable limits, so that one of the smooth 
pulse shapes is preferred. Pulse 4 with a spacing of 7) is feasible from the 
sampling precision point of view but a spacing of 27) provides margin 
against crosstalk arising from small imperfections in any realizable approxi- 
mation to the theoretical pulse. 

It is to be noted that, if an instantaneous sample is taken of a PAM 
pulse, the measured magnitude is affected directly by the instantaneous 
value of noise present in the entire band occupied by the pulse. No fre- 
quency selectivity can be applied afterward to remove the influence of any 
part of the noise band because the error, even though caused by wide-band 
components, is exactly the same as could have been produced by a uniquely 
determined wave wholly confined to the signal band itself. The best 
signal-to-noise ratio obtainable with instantaneous sampling is that asso- 
ciated with minimum bandwidth for the pulse (i.e., pulse 9) and the corre- 
sponding maximum stringency of synchronization requirements on the 
sampling and pulse distortion. The same signal-to-noise ratio can, however, 
be approached with a wider band provided that we allow a finite segment 
of the received pulse to enter the channel filter. An averaging out of higher- 
frequency disturbances produced by wide-band noise is thus attained. 

PCM. In PCM a short sample taken near the center of a pulse serves 
to determine correctly the presence or absence of a pulse even in the presence 
of interference at or near the breaking point of the slicer. Thus, pulse 4 
may be used with a spacing of 7) , and if a gate pulse 25°% of Ty is used, it 
need not be aligned with an inordinate precision to obtain good operation.*” 
Greater tolerance in the matter of sampling would be obtained with pulse 2 
but the frequency extravagance could scarcely be countenanced. As stated 
we assume pulse + in our PCM bandwidth curves but employ pulse 11 in 
Tables VI-VIII. Use of pulse 11 is a frequency conservation measure that 
seems feasible only with PCM and is attractive only with binary PCM. 


OPTIMUM DISTRIBUTION OF SELECTIVITY BETWEEN TRANSMITTING AND 
RECEIVING FILTERS 


In a regenerative repeater system both the receiving and transmitting 
filters may be Gaussian without suffering cumulative narrowing of the system 
bandwidth since each span commences with a freshly shaped pulse. In 
this case, the transmitting filter of one repeater and the receiving filter of 
the succeeding repeater combine, as Gaussian filters do, to make another 
Gaussian filter. The resulting pulse may be one of the series 2 to 6 of Fig. 26. 
On the assumption that one of these shapes is desired and that the trans- 


39 This is the pulse shape approximated in the experimental system described by 
Meacham and Peterson (loc. cit.). 
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mitting and receiving filters are to be Gaussian, a problem arises as to how 
to divide the total selectivity (in column C) between them. If most of the 
pulse shaping is done at the transmitter, the Gaussian receiving filter must 
be extremely broad, with the result that discrimination between pulses in 
adjacent bands is poor and the bands must be spaced widely in order to 
keep cross-fire down. If, on the other hand, all of the shaping is done at 
the receiver the wide spectrum of the unshaped transmitted pulse spills 
over into neighboring bands unless the bands are widely spaced. Clearly, 
an optimum proportioning of selectivity exists and it is interesting and 
enlightening to analyze this problem. Such an analysis was made for pulses 
4,5and6. This analysis pertains only to crossfire and not to signal-to-noise 
ratio as influenced by curbing (shortening of the rectangular pulses) and 
by the division of selectivity between transmitting and receiving filters. 
Wide receiving filters accept more noise and narrow ones may prevent the 
transmitted pulse from attaining full height in the receiving filter output if 
curbing is used. If the curbing is pronounced, as in pulses 6 to 11, amplifica- 
tion may have to follow the transmitting filter to establish the desired 
transmitted power level. For divisions of selectivity close to the optimum, 
the receiving filter selectivity appreciably reduces the transmitted pulse 
height in the case of pulse 5 and seriously reduces it in the case of pulse 6. 

Crossfire from a pulse in an unwanted band appears as a transient in the 
wanted band. In some circumstances, this transient has peaks which occur 
while the crossfiring pulse is rising and falling and has a minimum between 
which sometimes dips below the level fixed with the steady-state discrimina- 
tion to the crossfiring carrier. If the pulses in the crossfiring band are 
synchronized with those in the wanted band as they might be in PAM and 
PCM only the minimum, central, crossfire might be significant. If, as in 
PPM, the pulses cannot be synchronized, the peak crosstire is significant. 
Curves for two values of band separation are shown in Fig. 27, one appro- 
priate to vield minimum crossfire in the 25 to 35 db range and the other to 
yield peak crossfire in that range. This is the range that is sufficient for 
binary PCM. ‘The steady state discrimination is also shown. We conclude 
from this study that pulses 4 or 5 are about equally good in respect to mini- 
mum central crossfire and that pulse 4 is slightly preferable in that the 
trough and the crest are more symmetrical. For PCM in which the pulse 
spacing is made equal to 7) this symmetry means that there is the same 
margin for misalignment of the gating pulse, as regards correctly inter- 
preting a space or a mark. Pulses 5 and 6 appear to be about equally good 
in respect to peak crossfire but both (and particularly pulse 6) incur a signal- 
to-noise penalty because the receiving filter does not permit the transmitted 
pulse to attain full height. 

In practice, the approximations to Gaussian filters have shown worse 
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pulse crosstire than the curves predict. This is particularly so for cases in 
which the curves show crossfire 30 or more decibels down. Approximations 
usually possess less rapidly falling attenuation skirts and possess phase 
distortion, both of which prevent realization of the calculated crosstire 
values. 

Because regeneration (or reshaping) permi/s the use of Gaussian receiving 
filters, it does not follow that flat-/opped filters are inferior as receiving filters. 
Calculations were made for maximally flat receiving filters of about the 
same overall complexity as was involved in the Gaussian approximations. 
They showed that when the transmitted pulse has the shape 4 and the flat 
filter is scaled to transmit such a pulse without much distortion, values of 
peak crossfire of the order of 30 db can be obtained when the product of 
band spacing and 7) is 2.8. It was also found that the crossfire in that case 
consists of a single peak (not unlike the main pulse) nearly coincident in 
time with the crossfiring pulse. Our Gaussian approximations gave peak 
crosstire of this same order, for band spacing times 7) = 2.8. The maxi- 
mally flat receiving filter accepts roughly twice the noise power accepted 
by the optimum Gaussian filter, so the favor remains with the Gaussian 
filter and pulses 4 or 5. 

The main conclusion from all of this is that, if smooth pulses, like num- 
bers 4 or 5, are employed, band spacings of the order of 2.8/7) (perhaps 
2.5/7) can be used with crossfire entirely suitable for binary PCM, as well 
as for PPM systems with sufficient swing ratio. Larger spacings would be 
required for PCM using multi-valued digits, and for PAM. 

As mentioned earlier, the use of pulses 10 or 11 spaced by 7» is possible 
in binary PCM, with small penalty, if very short accurately aligned gate 
pulses are used. The spectrum of these pulses is more sharply defined and 
includes a band only slightly wider than 1 7). Rectangular receiving 
filters of that width could be used side-by-side so that the band spacing 
would be only slightly greater than 1/7. This is the ‘theoretical mini- 
mum” und in telegraph parlance would be specified as a band spacing of 
twice the dot frequency. 

Pulse 10 results from transmitting a very short pulse through a 4-section 
maximally flat filter whose response is shown in Column C. The phase 
distortion characteristics of such a filter produces asymmetry in the pulse. 
Pulse 1f is produced by the filter shown, assuming that the distortion is 
corrected. Most of the pulse shaping is assumed to reside in the transmit- 
ting filter. The assumed receiving filter is a 4-section maximally flat filter, 
and therefore has the shape of the filter shown for pulse 10, but is about 
30°, wider than shown. When two such bands are spaced 1.5/7) the maxi- 
mum crosstire is about 26 db down. 


With shaping and receiving filters of reasonable complexity a band spacing 
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of 1.5/7) to 1.7/7) can be expected to have satisfactorily small crosstire 


for binary PCM. Pulse 11 and a spacing of 1.5, 7) were assumed for binary 
PCM-AM in Tables VI to VILL 

Figure 26 shows the envelopes of r.f. pulses produced by passing flat- 
topped r.f. pulses or r.f. sprkes through r.f. filters. These envelopes are the 
baseband shapes produced by wide-band envelope detectors. If baseband 
pulses are shaped by baseband filters the resulting pulses are the same as 
shown for pulses 1 to 7, but for pulses 8 to 11 the tails turn out to be over- 
shoots passing smoothly through zero instead of reaching zero cusp-wise. 
If these pulses are used to modulate the amplitude of a carrier in a product 
modulator, the cusps in the envelope are produced as shown, but if they 
are used to modulate the frequency of a carrier the baseband pulses produced 
by frequency detection retain their smooth transition through zero. In 
PAM-FM relatively wide gate pulses could be centered at time zero, 7, 
27) , etc., and the inter-pulse crosstalk would be partially balanced out by 
partial cancellation of positive and negative contributions. By the use of 
biases in the AM case a similar result could be obtained. Our tables, 
assuming pulse + spaced 27, do not reflect this possibility of operation. 

Drtay LINE BALANCING 

Techniques have been developed': *’ in which the received pulse train is 
split into two or more branches, after detection to the baseband, and recom- 
bined with suitable delays, attenuations and polarity reversals. Such a 
procedure is effective in reducing the pulse tails or hangover and its use 
has been especially valuable in experimental PAM and PAM-F™M systems. 
While this device may be regarded as a kind of phase and amplitude equalizer 
(comprising as it does only linear, passive elements) the result may be a 
pulse shape slightly more desirable than those obtained from simple but 
“ideal” networks, shown in Fig. 26. Our judgment that pulses of shape 4, 
spaced 27) , should be used in PAM-FM may be slightly pessimistic if this 
kind of balancing is used. 

More significant reductions of inter-pulse interference may be sought 
by the method suggested by MacColl" (which is more than ‘‘equalizing’’) 
but this method, like the PCM method of Appendix IIIT soon makes pre- 
posterous demands on the transmission medium and upon the transmitted 
power. 

VIIL. TrRANsMisston Ovek METALLIC CIRCUITS 

In radio relay transmission we have assumed a span length of 30 miles 
and have assumed span losses in keeping with the microwave antenna art 

'V. D. Landon, loe. cit. 

W. D. Boothroyd and E. M. Creamer, Jr., “A Time Division Multiplexing System,” 


Paper presented at winter general meeting, A./.E.E., New York, Jan. 31, 1949. 
41 U.S, Patent No. 2,056, 284 Oct. 6, 1936 issued to L. A. MacColl. 
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and the relatively meager propagation experience now available. The high 
cost of the towers, power facilities and access roads involved in repeaters 
as we know them points to the desirability of few repeaters and long spans. 
Topography usually permits spans of a few tens of miles without requiring 
towers of excessive height. Very much longer spans can rarely be had 
without tremendous towers and are questionable because of the increase of 
fading depth with distance. 

In wave guide (or other metallic conductor) transmission entirely different 
considerations apply and we will discuss some electrical relationships which 
seem significant in this case. 

Let us consider a microwave repeater having a noise figure NF and a 
power capacity PC. The overload characteristic, together with the amount 
of nonlinear distortion that the signal can stand, determines the maximum 
output power. This maximum power is the power capacity. These two 
characteristics, PC and NI’, thus determine the amount of attenuation that 
may be introduced between the transmitting half of a repeater regarded now 
as a transmitting terminal and the receiving half regarded as a receiving 
terminal. This amount of attenuation expressed in decibels, which we will 
designate as M, is available to be used up by the loss of one span plus 
accumulation of noise from ” repeaters and may be regarded as a figure of 
merit of the repeater. 


Five different relationships apply as follows: 


AM Systems: M = span lossw + 20 log (1) 

I’M Systems: M = span loss + 10 log (2) 

PP? M-AM Systems with 

reshaping repeaters: MJ = span loss + 5 log n (3) 
Band increased °/ » referred to (1) 

I’M Systems with 

limiting repeaters: Mo = span loss + 3.33 log x (4) 
Band increased *V 1» referred to (2) 

PCM Transmission with 

regenerative repeaters: Af = span loss» + zero (5 


In (1) the 20 log ” term includes 10 log » for noise accumulation plus 
10 log # for cumulative compression. In microwave amplifiers only odd- 
order terms contribute to the distortion and the third order term predomi- 
nates for moderate degrees of overload. This results in the well-known 
compression characteristic such as appears in Figs. 24 and 25 previously 


discussed. A significant approximation for the over-all compression when 
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vn such amplifiers are connected in tandem is that the compression charac- 
teristic is the same as with one amplifier but occurs at outputs 10 log m db 
lower. Thus, the power level must be reduced 10 log 7 db and this penalty 
accrues over and above the noise accumulation penalty. 

In (2) only noise accumulation occurs. 

In (3) and (4) it is assumed that minimum power conditions are attained 
and the operation has reached the straight part of the minimum (marginal) 
power curves. Without reshaping, the system must be powered so that, at 
the final repeater, the accumulation of noise does not exceed the marginal 
value. With reshaping at each of the 7 repeaters each span may be mar- 
ginal. Making each span marginal with the same bandwidth would be 
accomplished with 10 log # db less power and would make the signal-to- 
noise ratio 10 log 2 db lower. This can be made up by using more band- 
width. In marginal PPM-AM the signal-to-noise ratio improvement occurs 
at the rate of 20 db per decade of bandwidth and thus the bandwidth must 
be increased by *4/n. This requires, to keep the operation marginal, an 
increase in power of 10 log n> = 5 log n db. In the case of marginal FM, 
signal-to-noise ratio is improved at the rate of 30 db per decade, and the 
bandwidth must accordingly be increased by “/nx. To keep the operation 
marginal, the power must be increased 10 log n'* = 3.33 log n db. The 
entries in Tables II and III invoke these relationships. There, 2 may be 
thought of as having values 1, 5 or 133. 

Equation (5) reflects the fact that where PCM regenerative repeaters are 
employed no accumulation of noise occurs with number of spans. 

With metallic conductors, the span loss in decibels is proportional to the 
length of span. If 1 denotes the span loss in decibels per mile and S denotes 


span length in miles, the circuit length L = nS and 
AL 
M = + x log (6) 
n 
or, 
il MX =) 
s I M — ' log 1 (7) 


where x is the appropriate coefficient, 20, 10, 5 or 3.33. In this expression 
there is an optimum value of 7 corresponding to a maximum value of circuit 
length 1. Figure 28 is a plot of circuit length for « = 20 (Eq. 1), showing 
the maxima. Figures 29 to 32 show the optimum values of 7 and the result- 
ing maximum circuit lengths for each of the relations expressed in equations 
(1), (2), (3), (4). 

Considerations affecting transmission over metallic circuits are different 
from those affecting radio relay in at least the following four ways: 


1. Interference from other routes substantially vanishes with coaxial and 











oe 

















BAND WIDTH AND TRANSMISSION PERFORMANCE 569 


wave-guide conductors. This diminishes the premium on ruggedness pro- 
vided sufficient power is available so that ruggedness with respect to noise 
is not critical. 

2. Since there is no fading and all spans can be of approximately equal 
length, all spans will possess the same loss, approximately. This situation 
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' Fig. 28—Variation of circuit length with number of repeater sections in an AM system 
with fixed power capacity and noise figure. 


is favorable to all systems but is most favorable to PCM, which gets no 
credit for low loss spans. 

3. In the case of wave guide, frequency space may be much less precious 
than in coaxial or radio relay transmission. 

4, There is a possibility that many small repeaters should replace the few 
higher powered repeaters used in radio relay. 
These different considerations may lead to a different evaluation of the 
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Fig. 30—Optimum number of repeater sections and maximum circuit length for metal- 


lic FM system with limiting only at end of system. 
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Fig. 31—Optimum number of repeater sections and maximum circuit length for metal- 
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lic FM system with limiting at every repeater. 
modulation methods discussed in this paper. We will not attempt to make 
such a re-evaluation here. 
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It is of interest now to return to radio relay transmission and examine the 
relations derived for metallic conductors, but now assuming that the span 
attenuation is that associated with an inverse k-power of distance law 
(k = 2 for free space attenuation). If we use the symbol £ to denote the 
excess power capacity (in decibels) of the repeater over that required for a 
unit span of, say, one mile, we get the relation 


10k log L = E+ (10k — x) log n (8) 


where x = 20, 10, 5, 3.33, 0 for the cases described by equations (1), (2), 
(3), (4), (5S) respectively. The equation shows no optimum number of spans 



































50 
fa) | | | 
= 45 T T T T t ; mamma + oe 
¢ | | | | 
3 | = 
Ww 40 | | { 
x4 FREE SPACE | } 
+ ys | ATTENUATION (K=2) 
Torey | 
- w 
ao | | a 
WwW ( + + + + 
= z 30 t t 
Oo~ 
a | | | | 
> < 25 , t +4 
ro | 
Y fa Poe | 
w . | i “ 
. 2 20 | | 
Uz | | | AM: X = 20 
_ Nid . - 
we 15 } : ] FM: X =10 
3 fe) RESHAPED PPM: X= 5 
a” 4 LIMITED FM: X = 3.33 
v REGENERATED PCM: X= 0 
Ww 
U 5 ] 
in} | | 
fe) | | ae eee ! 
{ 2 20 40 60 80 100 200 





CIRCUIT LENGTH IN MILES 


Fig. 33-——Relation between circuit length, power, and number of repeaters in radio relay 
systems. 


corresponding to a maximum circuit length. It also shows that when x 
is less than 10 the circuit length can be increased indefinitely by adding 
spans although the spans become shorter with increased circuit length. 
When x = 10k the circuit length can not be increased beyond the maximum 
single span, i.e., it depends solely upon £ and is not affected by the number 
ofspans. If xis greater than 10k the circuit length again cannot be increased 
beyond the maximum single span and is reduced by employing more than 
one span. This last case does not occur for free space attenuation. In 
Fig. 33 is plotted the relationship between L, EF and mn for the free space 
attenuation law (k = 2). The curve passing through zero decibels excess 
power capacity at one mile circuit length applies to one span for any value 
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of x or to any number of spans when x = 20. In other words the maxi- 
mum circuit length for x = 20 is the length of span corresponding to the 
excess power capacity as noted above for x = 10. For all smaller values 
of x any circuit length can be achieved with any value of excess power ca- 
pacity if a sufficient number of spans is employed. The number of spans 
required for a given circuit length is obtained by moving the curve downward 
until it intersects the desired length at the appropriate excess power ordinate, 
and equating (20 — x) log n to the downward shift in decibels. 

Notwithstanding the present radio outlook in which large towers and 
antennas seem indicated, it is of interest to imagine small repeaters powered 
for a one-mile span, say. Using FM with limiting at every repeater, a 
100-mile circuit could be obtained with 250 repeaters spaced 0.4 miles. 
This result comes from Fig. 33 with excess power = zero db and x = 3.33. 
A difficulty with such a case might be multiple paths produced by one re- 
peater output overreaching into other spans. 

The inverse k power attenuation does not accurately describe propagation 
over long spans; fading then occurs and is greater for long spans than short 
spans. ‘This introduces a term in the span loss similar to that of the metallic 
conductor case in which the span loss is proportional to span length. 

IX, CONCLUSIONS 

We have, in this paper, examined some of the relations governing the 
exchange of bandwidth for advantages in transmission that grow out of the 
liberal use of bandwidth. While we have not dealt specifically with the 
instrumentation involved in the application of the various exchange methods, 
we have taken cognizance of certain basic obstacles in circuit design such as 
overload distortion, phase distortion and discrimination characteristics of 
selective networks and the limitations of microwave antennas. Not having, 
in most cases, a wealth of experience bearing on the manner in which these 
obstacles affect the transmission problem, we have been obliged to estimate 
their effect in many cases. Considerable unreliability in these estimates 
would not, however, much affect the broad purpose of the paper. The 
economic factor that is involved in achieving reliable operation of apparatus 
has been largely ignored, although methods that seem to lead to fantastic 
instrumentation have not been given much attention. 

Ruggedness of the transmitted signal, which is obtained at the cost of 
increased bandwidth can, properly handled, be made to conserve frequency 
occupancy in two ways: (a) ruggedness reduces the required ‘‘guard space” 
between one band and neighboring bands carrying other signals; (b) rugged- 
ness reduces the multiplication of frequency assignments necessary in 
congested radio route situations. 

For wave guide systems, the inter-route interference problem arising from 
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route congestion disappears but ruggedness is still a valuable feature. As 
to PCM, regeneration is an outstanding asset applicable also in wave guide 
transmission. In the case of very high-grade channels the unique advantage 
of PCM that stems from the coding principle is presumably valuable in any 
transmission medium. We have shown that, theoretically, PCM methods 
can achieve lower power requirements than any of the other methods con- 
sidered and can do so with considerably less frequency space. 

While this paper is primarily concerned with the transmission of multiplex 
telephony, it seems appropriate to dwell briefly on the transmission of 
television signals by radio relay. The repeater plan of Fig. 4 is capable of 
handling long distance transmission of a 5-me (video) television signal (by 
FM). The frequency occupancy of a single two-way route is 80 mc. The 
occupancy for 1000 4-kce telephone channels is 72 mc from Table VI for 
binary PCM-AM with dual polarization. At this rate a 5-mc video tele- 
vision band would require 90 mc assuming that the 39 db signal-to-quantizing 
noise ratio is satisfactory for television.” Remembering that route conges- 
tion can lead to a greater occupancy than 80 mc in the FM case and per- 
haps to no increase over 90 mc in the PCM case, we conclude that on these 
assumptions PCM might be a desirable method for long television relay 
routes. In the event that a better signal-to-noise ratio is found necessary, 
binary PCM provides 6 db improvement for each additional digit. 

These conclusions relate to the transmission problem under the assumed 
conditions, and do not reflect the impact of many factors that may grow out 
of an application to a real situation. As has been said before, this paper 
should be taken to illustrate the way in which the transmission factors are 
interrelated, and the philosophy by which the problem is approached, rather 
than to find an unequivocally best system. 

In preparing this paper the authors have, of course, drawn on the general 
transmission background of the Bell Telephone Laboratories. Nourish- 
ment has come particularly from W. M. Goodall, A. L. Durkee, H. S. 
Black, D. H. Ring, J. C. Schelleng and F. B. Llewellyn in addition to those 
mentioned specifically in the paper. 

We wish specifically to thank Mr. R. K. Potter, whose broad transmission 
concepts were responsible for initiating the work. 


APPENDIX I 
NoIsE IN PCM circuits 
In the transmission of speech by PCM the kinds of noise and distortion 
which are acquired by other systems in transmission are completely missing. 


2 W.M. Goodall, “Television by Pulse-Code Modulation.” Paper presented at 1949 
IRE National Convention, New York, March 9, 1949. 
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Instead, a special kind of impairment is incurred at the terminals, because of 
the fact that the speech wave is transmitted by quantized amplitude samples 
of the wave. Transmitting samples of a wave results in a received wave 
having no impairment, provided the samples are not subjected to time or 
amplitude distortion. In PCM, since the samples are telegraphed, their 
reception is inaccurate by the quantization imposed by the code. These 
errors in the samples constitute the sole inherent impairment in transmission. 

Strictly speaking, the transmission impairment in PCM is manifested only 
when a signal is being transmitted. An imaginary telephone circuit with the 
transmitting side completely devoid of any kind of signal, except that from 
the talker, could be transmitted by PCM from coast to coast and would 
sound completely silent if the talker were silent. In any real situation. 
however, some background noise (room noise, breath noise or line noise) is 
always present in the subscriber’s circuit. This background noise is usually 
comparable to or greater than the weak parts of weak speech. In order to 
transmit the speech of weak talkers the size of the discrete amplitude steps 
must be small with the result that at least a few steps are always brought into 
play by background noise. 

Being thus enabled to rule out the case of no signal we are able to ascribe a 
basic signal impairment to a PCM system. This impairment is, strictly 
speaking, a result of non-linear distortion inherent in the quantizing, but 
because of its very complex nature it behaves, and sounds, much like thermal 
noise and we have accordingly called it quantizing noise. A PCM circuit 
can be regarded as a source of noise whose rms value is simply related to the 
size of the quantizing step and the sampling frequency, as follows: 

In a low-pass band extending to approximately 40% of the sampling fre- 
quency the basic noise power is related to the power of a sine wave signal by 


Signal power peak-to-peak signal voltage 


— = 20 logy 
Noise power step voltage 


+ 3 db 


This band of noise has an amplitude distribution somewhat different from 
thermal noise, and a spectral distribution which depends somewhat upon the 
spectral distribution of the signal and upon its amplitude and disposition 
with respect to the step boundaries. 

For a sine wave signal the noise spectrum is characterized by a number of 
prominent components rising above a diffuse background of numerous 
smaller components. The outstanding components may be either harmonics 
of the signal frequency or differences between harmonics of the sampling 
frequency and harmonics of the signal frequency. The background thus 
consists of an array of various orders of cross-products between the signal 
and the sampling rate. When the amplitude of the signal is comparable to 
one step in the quantizing process, a few components may contain a substan- 
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tial portion of the total power in the distortion spectrum. If the signal is 
not only weak but has its frequency near the low edge of the band, the distor- 
tion spectrum has a decided downward slope on the frequency scale with a 
major part of the distortion power concentrated in the lower harmonics of 
the signal frequency. Similarly, a weak signal at the upper edge of the band 
may cause a few scattered difference products to be outstanding. Stronger 
signals with more centrally located frequencies give practically a uniform 
distribution of distortion power throughout the signal band. For all except 
the extreme cases of low amplitudes and frequencies near the edges of the 
band, the weighting network used to evaluate the telephonic interfering effect 
of noise gives a reading equal to that obtained with a flat band of thermal 
noise of the same mean power. The exceptional cases show a spread in the 
readings which are sensitive to amplitude, frequency and disposition with 
respect to step boundaries. The spread is reduced when complex signal 
waves are applied. An operationally significant case is that in which the 
noise is produced by residual power hum in the equipment. In such a case, 
weighted noise readings range from approximately the value obtained for flat 
noise of the same mean power, to several db lower. Connecting even a short 
subscriber’s loop to the input usually adds enough miscellaneous noise, if 
the steps are as small as they need to be, to remove the variability and to 
yield a reading within one db of the equivalent flat noise case. 

Thus, a PCM system, like any other transmission system, possesses a 
noise source and experiments show that this noise combines by power addi- 
tion with that from another system connected to the input or output of the 
PCM system. In tandem connections of PCM systems in which successive 
quantizations may occur, the quantizing noise also adds like power, from sys- 
tem to system, and soon becomes almost indistinguishable from thermal 
noise. 

The quantizing noise consists of distortion products which may be classified 
as two kinds. One class includes those products which would be produced 
by transmitting the wave through a transducer whose input-output charac- 
teristic is stepped like a staircase. If such a transducer were actually used 
the PCM process would be equivalent to sampling its output at a regular 
rate and transmitting the step designations by code. This sampling process, 
applied to the stepped transducer output, produces the other class of distor- 
tion (or noise) and is illustrated in Fig. 34. Let us consider the sampled 
value as the sum of the true value plus the step error, and focus attention on 
the step error which is responsible for the distortion. At minimum permis- 
sible sampling frequency (twice the highest signal frequency), the step errors 
in consecutive samples are practically unrelated to each other. The low- 
pass output filter passes most of the power in this sequence of random errors 
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when they occur at a frequency only twice the filter cutoff frequency. See 
A in Fig. 34. If the sampling frequency were increased from the minimum 
permissible value, the consecutive step errors would still be unrelated to 
each other, and more and more of the step error spectrum (noise) would fall 
above the low-pass filter. This is shown in B. 
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* THE QUANTIZING NOISE CONSISTS OF THE RESPONSE OF A 
3500-CYCLE LOW-PASS FILTER TO THE STEP ERROR 


Fig. 34—Stepping and sampling an audio wave. 


Reduction of noise would occur in this way until the sampling frequency 
became so high that a considerable number of samples are taken while the 
Wave crosses a step interval. Correlation between successive step errors then 
begins to be apparent. When the interval between samples becomes vanish- 
ingly small, the process is equivalent to transmitting the stepped transducer 
output directly. This case appears in C. 


In an alternate line of thinking, one may regard the stepped transducer 
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output as the signal wave plus a wide spectrum of distortion frequencies 
representing the effect of the steps. From this point of view, it is clear that 


only a high sampling frequency prevents lower sidebands associated with 
the sampling frequency and its harmonics from overlapping the signal band. 

Quantizing noise decreases with increase of sampling frequency at an initial 
rate of approximately 3 db per octave and continues until correlation of suc- 
cessive errors becomes appreciable. This occurs at a sampling frequency 
which is dependent upon the spectral distribution of the signal, being lower 
for signals having a predominately low-frequency spectral density. An 
increase of step size also reduces the lowest sampling frequency at which 
effects of correlation are observed. Figure 35 shows curves calculated for an 
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Fig. 35—Variation of quantizing noise with sampling frequency 


input consisting, in fact, of thermal noise. Such an input is a rough ap- 
proximation to a speech wave. 

The asymptotic values shown for five and seven digits represent the quan- 
tizing noise corresponding to transmission of the thermal noise signal through 
stepped transducers having 32 and 128 steps, respectively. The curves 
suggest that sampling is a penalty such that 32-step granularity without 
sampling is about equivalent*® to 128-step granularity with sampling at the 
minimum rate. However, sending information which designates the irregu- 
lar instants of time at which the signal enters and leaves each step interval 
is far less efficient than designating the steps at the regular instants of the 
minimum sampling rate. 

‘8 The equivalence would be in terms of total noise power; the properties of the asymp 


totic noise are different than were described earlier in this appendix, for sampling at the 
minimum rate. 
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APPENDIX II 


INTERFERENCE BETWEEN TWO FREQUENCY MODULATED WAVES 


This problem occurs so frequently in the present paper that its solution 
is appended here for reference. Figure 36 shows a geometric figure from 
which the phase of a two-component wave can be calculated. We write 


Pcos6+ Qcosg = Reosy 


where 
R? = P? + (0? + 2P0 cos (6 — ¢) 
} P sin @ + O sin ¢ 
tany = : : 
P cos 6+ Qcos¢ 





Fig36. --Geometric solution for resultant phase of two frequency modulated waves. 


The response of a perfect frequency detector in radians/sec. is given by 


P sin 6 + O sin = 


P cos 8+ QVOcos ¢ 


Q = dy ‘dt = - (ar tan 


Pgh Pp — O° 


i] 
= 1(6’ 7’) z 
+ + + 2 P? + V° 4. 2PQ cos (@ — y) 
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In the above expression, the primes represent derivatives with respect to 
time. If Q/P < 1, we expand in Fourier series, obtaining 


a m 
QO , 
Q=6 + (0 — ¢’) > (-°) cos m(@ — ¢). 
m= 
When QP is small, we retain only the term proportional to QP as the error, 
which may be written in the compact form: 
if oa 
Q — 6’ = ~ — sin (¢ — 4) 
Pd 
If the waves are unmodulated, #6 = p/andg = qf, giving 
©) 


0-7 = > (q — p) cos (gq — pi | 


APPENDIX III 


PCM FOR BANDWIDTH REDUCTION 


We have treated PCM as a means of increasing bandwidth beyond the value 
corresponding to one pulse per sample per channel (quantized PAM) and 
have studied the transmission advantages that accrue therefrom. The PCM 
method can, in principle, serve to reduce bandwidth. An example of band- 
width reduction,*: * suggested to the writers by C. E. Shannon, is as follows: 

Any number, say V, of 4 kc telephone channels can be transmitted in the 
form of one quantized pulse per 125 microseconds, by sampling all channels ] 
in the usual way, encoding each sample into a code symbol having, say, 64 
possible values, assembling all code pulses into one new group and decoding 
this group at the transmitter. If only one channel were to be transmitted 
the decoded signal would have 64 possible amplitudes; for two channels it 
would have 64° possible amplitudes, and for V channels, 64°. Now, if a 
single quantized pulse conveying these amplitudes could be transmitted 
without an error as large as one step, the receiver could encode the quantized 
pulse, disassemble the resulting code pulses into groups according to channels 
and decode the groups to obtain the V channel samples. The requirements 
on transmission circuits capable of the precision required to transmit even 
two channels in place of one are very severe, however. 

In the event the signals to be transmitted were not speech signals but a 
very elemental kind of signal such as a black and white pattern requiring for 

44.4 paper “Reducing Transmission Bandwidth” by Bailey and Singleton Electronics, 

Aug. 1948 gives a somewhat different example of reduction. 
* An early disclosure of a system theoretically capable of any desired amount of band- 
width reduction is contained in U. S. Patent No. 2,056,284, Oct. 6, 1936, issued to L. A. 
MacColl. As in the current proposals, the decreased band is obtained at the expense of a 
vastly greater signal-to-noise ratio requirement and the necessity for precise synchronism 
between transmitter and receiver. 
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its description not 64 values but only 2, the number of possible amplitudes 
would be 2”. With some of the better transmission circuits in existence, as 
many as 10 such channels could be multiplexed in the same bandwidth re- 
quired by one channel, by this adaptation of the PCM method. 

The above considerations show that PCM offers the means of matching 
the transmission signal to the capabilities of the transmission circuit in order 
to transmit the maximum amount of information. As has been shown, with 
microwave telephone systems the economical balance seems to come well 
over on the wide band side, permitting operation with low transmitted power 
through relatively strong interference. 


APPENDIX IV 
SUPPLEMENTARY DETAILS OF DERIVATION OF BANDWIDTH-CURVES 
PPM-AM 


The diagram of Fig. 8 shows that the maximum time deviation is assumed 
to be 


1 si» J 1 
= ON; ~ T = a (1) 


2Ni, Fs 
The shift in time produced by an interfering voltage of magnitude E,, at the 
slicing instant is 


€ 


Ait = E,/s (2) 


where s is the slope of the signal pulse at the slicing instant. For small noise 
the slicing instant occurs near half the peak, E, of the pulse and the slope of 
the assumed sinusoidal pulse (Fig. 6) is: 


a ¢ 
s= —E= (3) 


Hence 
IE ’ 
At = ——.. (4) 
rl*, E 
The signal-to-noise power ratio in the channel is the ratio of mean square 
values of signal deviation ¢ and Af. For thermal noise we assume that the 
root mean square value is one fourth the peak and place the peak at 1/+/ 2 
times E/2 for marginal operation. We write, therefore, 


E, = E/2V/2, AP = (4E;, x Fi E’)/16 (5) 


2 € : 1 1 ae 1 ’ = I I, = 1 9 (6) 
2 2\2Nf, Fi}  2Fs\2Nf, si 


q 
H 
\| 
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Here S/N is the ratio of root mean square audio signal and noise voltages. 
The formula illustrates a general principle common to all the pulse systems 
in that the marginal signal-to-noise ratio is a function of B/Nf,. The axes 
of the curves have been labeled for V = 1000 and f, = 8 kc, but can be read 
for anv other values of V and f, by changing B accordingly. Equation (7) 
was used to plot the marginal power curve of Fig. 9. We note that the ratio 
of rms pulse voltage at the top of the pulse to the rms noise voltage is 
E// 2 divided by E,,/4 which leads to a value of eight when (5) is substituted. 
The “‘slicer advantage” is thus the right-hand member of (7) divided by 
eight. 

For CW interference in a PPM-AM system the procedure used above 
applies except that the root mean square interference is now 1/+/ 2 times the 
peak instead of one fourth. The marginal ratio of rms audio signal to rms 


audio interference ratio is therefore poorer by a factor of 2+ 2, or 


=) 


B 
S/I = ) ~ 1}. 
/I[=nrv2 Ge ) (8) 


When the interference is froma similar system, we calculate the distribu- 
tion of the disturbance as follows. The probability that there is an inter- 
fering pulse present during slicing is the ratio of the pulse duration to the 
channel allotment, or 


2N/, 


CS 2, = = 
p a 


(9) 
The interfering carrier will not, in general, be exactly synchronous with the 
wanted carrier, and hence the actual interference is a beat frequency with 
envelope having a voltage distribution calculable from the pulse shape. For 
a sinusoidal pulse of height .1, the probability p(y) dy that the instantaneous 
magnitude of the interfering envelope is in the interval dy at y is 


po dy 


(y) dy = 
Py) 4) TV WA — y) 


; O<y <A. (10) 
Since the relative phase of the two carriers drifts with time, the mean 

square interfering voltage is half the mean square interfering envelope, or 
ore 3Nf,A? _ 3Nf, A’ 
E, = 3 [ y ply) dy = —— ———, 
OF, 4B 


“0 


(11) 
Hence 
—12Nf, A” 


Af = (12 
7? BIE? sass 


5 wh: B / B 
= SS < iow | / ° 5 
I * (any )o/ a (13) 


and 
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. . . ’ ln 
For marginal interference E = 2 1/2 A and 


s B B 
— — 9 — 
Mie (ie ') V 3Nj." a4) 


This equation shows that S/T varies as (B/Nf,)”” for large bandwidths giv- 
ing 9 db improvement per octave of bandwidth. The curves of Fig. 10 
were plotted from equations (8) and (14). 


PPM-FM 


The pulse here is transmitted by a change in frequency from /; to f; + 8 
and back again. The total frequency swing 8 corresponds to the pulse 
height E in the AM case. The frequency detector delivers a pulse of height 
8 to tne baseband filter. Associated with the pulse is the error caused by 
noise or interference in the rf-band. In the case of fluctuation noise having 
mean power P,, per cycle in the rf-medium, a baseband filter of width F, 
accepts the familiar triangular voltage distribution of noise with frequency 
resulting in a mean square integrated magnitude expressed on a frequency 
scale as: 

E., = P,, F3/3W- (15) 
where W, is the mean carrier power. Then, on substituting 8 for FE, and the 
above expression for Z2 in the equation for Ar: 
FS pes A (16) 

3° Be W, ‘ 


Taking the ratio of & to A’, 
« srr. f ' 
(S N = a i 1 ° ike 
SIN) = “Spe \2Nfj, (17) 
The radio signal bandwidth B is approximately equal to the frequency 
swing plus a sideband at each end or 


B=6-+ 2F, (18) 
Using this relation to eliminate 8, we have 
, 3n(B— 2F,?W.f Po , 
(S/N) = r 7a : 9 
SP, F3 anf * (19) 


For marginal operation of the FM limiter: 
We krak (20) 
where we shall assume & = 16 in numerical calculations. 


4 An elementary component of interference Q cos gf produces a frequency error (Q/P)f 


cos 2x ft where f is the difference between the interfering and carrier frequencies. |The cor 
responding mean square frequency error is f*Q?/2P?. But Q?/2 = P,df and there are equal 
contributions from upper and lower sidebands centered around the carrier. Also replacing 


P?/2 by We, we get a mean square frequency error in band df at f equal to P, f*df/W.. In 
tegrating over frequencies from 0 to F» gives the above result. 








584 BELL SYSTEM TECHNICAL JOURNAL 


4 te fo RY ( Fy 4 
(S/N) = «4 ~ 2), 2 
, 8 (7) (1 *) (i 1) (21) 


The signal-to-noise ratio is found to be maximum when 
. / 5) +P 
Fy | ae 3B B e: 
— = A —+1) + — -— —-1. (22) 
Nf, 4Nf, Nf, 4N/, 
To calculate the CW interference with an idle channel we assume that the 
carrier wave of the system is represented by 


Vi(t) = P cos [(2rfit + 6 (O) (23) 
where 
( is ; ) 1 | 
mB\ t+ —. sinwkyt }, 0<i1< =} 
| wh, fy | 
o(t) = ° 1 (24 
8/F : <t< : 
(Fost Bis = _ — | 
be ms Fy 2N/; ) 


: 2 
(—-) = ~~), « ( is =) =¢(/)), m=1,2,---. (25) 
"bd 


We have chosen ¢(/) so that the phase is a continuous function of time 
with a derivative representing the correct frequency. This gives a sinusoi- 
dal change in the instantaneous frequency ¢’(/)/2m starting with the value 


1 ; - , 
fratt = —-., reaching the peak f; + 8 at ¢ = 0, and subsiding to f, at ¢ = 
"b 
1 , ee m 
By making the wave repeat with frequency .\f,, we assume all channels 


FP, 
of the system are idle since all pulses are at their central positions. It seems 
reasonable to neglect the effect of variations in adjacent channel loading on 
CW interference in one channel. The interfering CW wave is represented 
by 

V2(t) = Qos (2afot + 6) (26) 


To a first approximation the resulting error in frequency at the output of 
the frequency detector is: 


Oo. #4 / 
sin (2r(fi: — fo)t + o(t) — 8] (27) 


. ( 
ot) = : 
2rP dt 


By straghtforward Fourier series expansion and differentiation: 


oO 


; ) " A 
6(t) = ‘ F, :¥ (c + nd)A, cos [27 F(c + nd)t — 6] (28) 


P n= 
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where: 
¢ = (fi —fr)/Po, A= Nf,/Fo, y = 6/F,, (29) 
Me 1 ; 
An = WFour-y(y) ~— — [(—)" + sin Qud — y)zI, (30) 
nr 
Ag = 2XF_y(y) + (1 — 2A) cos zy. (31) 


The function ‘7, (y) is Anger’s function: 


1 ; 
Fy) = | cos (v8 — y sin @) dé (32) 
T 0 


It is equal to J,(y), the more familiar Bessel function of the first kind, only 
when v is an integer. The values of »y = 2n\ — y appearing in this solution 
are in general not integers and hence the ordinary tables of Bessel functions 
are inapplicable. 

The baseband filter accepts the components of the error which have fre- 
quencies in the range: 


—F,< Fy (c+ m) < Fo (33) 
or 


1 i~<¢ 

ee ae (34) 
v v 

The interfering wave in the baseband filter output is then 


O : ; a 
b(t) = P Fy z= (c + ndA)A, cos [27Fi(c + nrd)t — 6) (35) 


n=n} 


where 7; is the smallest integer not less than —(1 + ¢)/ and m is the largest 
integer not greater than (1 — c) A. It would be convenient at this point to 
assume that Af is expressible directly in terms of 63(¢). However, there is 
reason to believe that such an assumption is pessimistic especially at the 
higher bandwidths where the disturbance 49(/) may never reach its maximum 
values in the neighborhood of the actual slicing instant. A complete investi- 
gation requires a study of the instantaneous wave form of 6)(¢) in the neigh- 
borhood of the slicing instant. We note that if the slicer operates at the 
trailing edge, the unperturbed slicing instant is / = " + m,f,, and the 
value of the disturbance at that instant is: 


QO — 
by fe +m t,) =~ Fy ba (c + nvA)A, 
al'b 


I n =n) 


47 Watson, Theory of Bessel Functions, Chapter X. 
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cos | 2a + md) (; +m _ — 6], m= 0, +1,+2,--- (36) 


~ r 





, , P, ; 
Averaging the square over all values of | 2mz ap 6+ cr |, which may be 


treated as a randomly distributed angle, we find an expression for 6) averaged 
over the values at the slicing instants and not over all time, viz.: 








ee ° wee 
§2 = 9 pt Pyi(R + X) (37) 
< , T 2mFs\ | ? 
where R= Zz (c + ndA)A, cos | nmA {1 + ; (38) 
. - a, i 2mF;\ | : 
X= + (c + mA)A, sin] mrdX (1 + ig (39) 
mn) ke, Tr el 
Then 
| OPE he) 
At = opr ge (40) 
and 
S a#P/fB F . oe 
= —1 "- — 1)(R° _—— 41 
= (ar (sae - te a 


For each value of B, the value of S/J should be computed over a range of 
values of c; and the lowest value of S/J, corresponding to the most unfavor- 
able allocation of the CW frequency, plotted as a point on the curve. The 
curve of Fig. 12 was not calculated in this way but estimated from the sim- 
pler solution existing when the pulses are contiguous. 

When the interference is from a similar system, we substitute for the inter- 
fering wave: 


V(t) = Q cos [2nfit + o(t — 7) + 4 (42) 


This gives 


é sin [@(t) — o(¢ — 7) — A+ 2a(fi — fr) (43) 


ii. 2 
0) = OEP di 


We distinguish between the cases of overlapping and non-overlapping pulses. 
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If the pulses do not overlap, we take the origin of time midway between 
pulses and write 


(1) — ot — 7) 
wo 
( Se oe 
Fi’ 2Nf, > . # 
T — T Bo ee Se 
itt tid —_* b i+, > rs a3 
, 3 rare. 1 
= i oe ii ti 
T : 1 eo. a 
—{-+ oo sin wh (1 — - “F <i{- 3 < i, 
i Oe eee 
BR 2 <! S oN 


If the pulses overlap, we also take the origin midway between pulses, but 
we then obtain 


o(t) — (tf — 7) 


use) 
| EX See 
5’ 2" cS CUR 
T le ; T 1 * T 1 
fede al” wees: ( bi 5). “t 2° Ss & 
1 * oe Fyr TENE ee T e 
= la k, + rls sin 1 ) cos hy ¢, _ b, <i < I, a (45) 
T 4 T 1 T 1 T 
—{+ 2 ; sin wl, ( — : Kr, soi << I, + ) 
1 1 T 
= ai a ae 
wh 2" ae 


In both cases the right-hand members are even functions of t. 
Hence 


sin [@(4) — o(t — 7) — 6] = > B, cos 2mnNf,t (46) 
m=] 
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:' Ag = - a 
cos [¢(/) — o(t — 7) — 6] = ; + yx Am cos 2mmNf,t (47) 
rs m=1 
The coefficients A,, and B,, are considerably more complicated than in the 
corresponding CW case. 
PAM-FM 


An idle N-channel system sends sinusoidal pulses of duration 2/F, = 
1/Nf, which merge into a continuous sinusoidal variation of frequency ex- 
pressible by 


; B . 
f=fit+ 4 cos ryt (48) 
where @ is the peak-to-peak frequency swing and f; is the mid-frequency. 
A full load audio tone frequency : impressed on one channel produces a 
PA 5 
series of sinuosidal pulses of varying heights expressed with sufficient ac- 
curacy for a large number of channels by 
ene, Sens , 
F = fi + 5 golt) cos gl (49) 
? 


Fy 
periodically at the frame frequency f,. Aperture effect is neglected in this 
approximation. We may expand go(/) in a Fourier series: 


where go(/) represents a pulse of unit height and duration repeated 


ries = a] : ; as 
g(t) = . + z G» cos 2mrf,t (50( 
rae m=1 
where 
el/2Nf- 
Gn = Y, | go(t) cos 2mafrt dt (51) 
—1/2Nf, 


When a rectangular gate of full-channel duration 1/.\f, is used between the 
baseband filter and the audio output filter for the channel, /’ represents the 
input to the channel filter. The only term passed by the latter is 


F, = ; (7p cos gl (52) 
1/2Nfr 1 

Go = 2h ] 3(1 + cos 2rNf, Nd= — (53) 
5 -1/2Nfr N 


Therefore the peak sine wave channel output is 8/4, and the mean square 
value is 8°/32.\V*. Ifa gating function g;(¢) is used instead of a rectangular 
gate, we replace go() by go(t)gi(¢) in the calculation of Go. 








ag Sie 
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When the interference is fluctuation noise of mean power P,df in 
bandwidth df, the mean square frequency error in the output of the fre- 
quency detector is w,(/)df at frequency f, where 


Wn(f) = P,f?/ WW a (54) 
The baseband filter accepts the portion of this spectrum between f = 0 and 
f= F». 
The action of the rectangular gate on this spectrum may be calculated by 
multiplication of the typical spectral component by the gating function: 


or 1 5 i 
G(t) = = + Z. dm COS 2rmf, t (55) 


m=1 
where for G(/) = 1 throughout the channel allotment time, 


>, ME 
1/2Nf¢ 2 sin — 
Gn = 2, cos 2mrf,t dit = : (56) 
J-1/2Nf, mr 
Each harmonic of G(/) beats with the noise spectrum on either side to produce 


audio components which sum up to total mean square audio noise: 


1 eee 9 ‘ ; = 9 : 
VW. = Qow@n(f) + z Am Wrlmf, + f) 


m==1 
2N 
+ Do an wnlmf, — p| df (57) 
m=1 


The summations stop at 2.V because the baseband filter cuts off at 
f = Fy, = 2Nf,. The contribution of the ap term is negligible. Then 


- 2mT 
P 2v SIN V of -/2 
WV, = 2 — (mf, f) + (mf, — f)"\ ad - 
rw, p> me I limfe +. Fee ee (58) 
P.fe = 1 2m 
= = .+ ,}sin —. 
PW’, zf ‘ sian) eK 
When_N is large, the sum approaches 
NP, f? - 
V, = — (59 
Ww. 27) 
and 
“i rW. (BY 
S/N) = (60) 
SINT = SONEP, f (*) 7" 
r({B kB 
Si = — — 4 / — (61) 
/ (a )y 2Nj, on, 
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on substituting W. = kP,»B, 8 = B — 2Fy, and Fy = 2Nf,. Equation (61) 
with k = 16 was used to obtain the marginal power curve of Fig. 13. The 
result may be compared with that given by Rauch* (See also Landon’) for a 
rectangular pulse and rectangular gate, which requires a higher value for 
F,. The two systems give the same signal-to-noise ratio when the rectangu- 
lar pulse and gate of Rauch’s system endure for one half of the total channel 
allotment time. The value of F, necessary for such a case was estimated by 
Rauch to be 3.5Nf,. A calculation made as above, except that the gate 
was assumed sinuosoidal instead of rectangular, showed very nearly the same 
signal-to-noise ratio. 

The case of CW interference with all channels idle is represented by the 
r.f. wave: 


V(t) = P cos Qmit + oP sin rst) + QO cos 2rfel. (62) 
“fb 


When QP is small, the detected frequency is 


. B (@ d . . af 3 5 
f=f cos tFyt — —* sin | 2r(fi — fod P sin rF yl 
alia "Pa EZ Fat ag | 
(63) 
8 ; os 
=hfit 4 cos rFfpt — d(t). 


By Fourier series expansion followed by differentiation, the error 6(/) may be 
written as: 


es 0 << . . of : ; : , : 
oi) = P 2 (i — fot > Im(x) cos 2x ( ~ ye =) t, (64) 


where x = 8/2F». The baseband filter passes only those components of 6(/) 
which have frequencies in the range —F, to Fy. Writing ¢ = (fi — fe) Fo, we 


find: 
OF, & m ; m 
s a, . \ cnc Del . e 
bol!) = P™ (. + ") Jat cos 27k, (. + my (65) 


where my» is the largest integer which does not exceed 2(1 — c) and my, is the 
smallest integer which is not exceeded by —2(1 + c). The term integer is 
here understood to include zero and both positive and negative integers. 
The wave 6o(/) is next multiplied by the gating function G(/) and the com- 
ponents falling in the audio band —f,/2 to f,/2 selected. We find: 


sai O < m ota ; 
G(t)do(t) = ig . — (c+ ") Im(x) cos 2n[(2ce + m)N + nj f,t 


m =m) nr=—2 
(66) 


with a, = a. 


. aK" cit. 
 L. L. Rauch, Fluctuation Noise in Pulse-Height Multiplex Radio Links, Proc. L.R.E. 
Vol. 36 Nov. 1947, pp. 1192-1197. 
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For each value of m, there is only one value of m satisfying the audio filter 
inequality, which may be written: 


—-h—~ (le +mN <n <$— (Qe+m)N (67) 


Hence interference accepted by the channel filter is: 
KO <S m : as 
IW) = yp ae: anic+ > J n(x) cos 2x[(2e + m)N + nj ft (68) 


m=my 


The mean square value of interference is 


9 Frio Gt. « m\” o, 
P(t) = a dL aale+ =) Jn(x). (69) 
¢ - m=my, “ 


The signal-to-interference ratio is 


one ire . 
(SAY =g [72(2)] (70) 


GBP} Ga 2 m\" 12 2s 74) 
S/F = 2,0 Be ay (. + : re) | : (71) 


When a rectangular gate of duration equal to the full channel allotment is 
used, we substitute a, = 2(sin na/N)/nr. We then find that the largest 
values of mean square interference occur when c is an odd multiple of one 
fourth. If we set 


or 


c= — (2r+1)/4,r= 0, 1, +2, ++ oF) 


it follows that if .V is an even integer, 


n=(r+3—m)N, (73) 

. uw he aa 
sin — = sin (r + 3 — m)z, (74) 
. uw a 
sin —| = 1. (75) 


Substituting these values in the expression for S/J, we find 


fae BP r+2 , 1/2 on 
S/I = ZL, tai. (76) 


2F,Q m=r—1 


The value of r is to be chosen as the integer which makes S// a minimum; 
i.e., we place the CW frequency at that part of the band where it does the 
most damage. The curve marked CW(Gate) of Fig. 14 was obtained in 
this way. 
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When instantaneous sampling is used instead of a gate, the value of a, 
becomes a constant for all values of 7 of interest and is equal to a. We then 


find: 
BP <2(1—c) ae. 
S/l = = > + Jatt) : Gare 
2h,Q ; 2 (. ° ) J 4 


Here c is to be selected to make S/J minimum for each value of x. The 
poorest values of S/J occur when Bessel functions of comparable order and 
argument appear in the summation, which means that c is in the neighbor- 
hood of —x/2. The corresponding difference between the CW and mid- 
carrier frequencies is one-fourth the peak-to-peak swing. 

To calculate the interference between two similar idle systems, we set 


— : — z 
V(t) ="P cos (25/1 4 sin rit) 


2F, 
(78) 
: Bo os ; 
+ QV cos Ez +- a sin (rF yt = 0 | . 
él"p 
The frequency error registered in the first system is then 
‘ OQ -@ ; . : . , : 
67) = — sin [2r(f, — fo)t + x sin rF,t — xsin (rF,t — 8)] 
ZrP dt 
OQ d ; i) 6 
pan - >} ) Ss 2 - Py cj 7 : , —_— —. 
IP di sin Ex fo)t + 2x sin 3 cos (=! pl ) | 
(79) 


O F . mF, all 
= _— # a ° 
P Le (i fe + ) ) Vee (2 sin ‘) 
; mF, me 
- COS | 2 (i -f+> \ a i 


It follows that the response of the baseband filter is 


OF, < m . 6 m 4 
5,,(/ = > yc saa ‘OS ) , , — 
dot) = P Py (. + Siw (2 sin ‘) Cos EE b (. + *) t m | ; 


(80) 


bo 


The effects of the channel gate and filter are computed in the same way as 
for CW, giving the audio interference: 


7” hO < m . 6 
- A. . Ive 
It) = ap >» an\c + > ) Jm\ 2x sin 5 


: — : 6 
* COS (2x10 + m)N + nj ft —m 


“ 


(81) 
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Since the two systems occupy the same frequency assignment, we assume 
that c is not greatly different from zero. Then for fixed @: 


5 Mey Gk ws _ ; 
ri = - m a,Jm 2x sin (82) 
32P? ,* " 2 


Since 6, the frame phase difference, is a random angle we average over its 
t 5 
possible values by setting: 


lr i ; 6 1 at P ; 
A, (x) = = | Bat (2 sin ) dé = : J;,(2x sin @) db 
“= “0 “0 


_ T’(m + 3)(2x)"" 
m(2m)!(m!)? (83) 


2 ( 1 EE 2 
- of'3(m + 3,m + 3;2m +1,m+1,m+ 1, —4x), 


m = () 
A_w(x) = A,,(x) 
Noting further that for ¢ = 0, m = —2, m. = 2,andn = —mvN, we have 
then: 
27 FiQ’, 2 ) 2 ry re 
I(t) 16P2 [ay A(x) + 4aon Ao(x )] (84) 
and 
Gy) BP ‘ P Peas 
S = [ay Ay(x) + 4a9y Ao(x)J”. (85) 


h,OvV2 
For a sinusoidal pulse and rectangular gate of full channel allotment time 
in duration, dy = dey = 0, /°(t) = 0, and S/J is infinite. If instantaneous 
sampling is used, 
Gy = Gn = Gon (86) 


and 


: BP ' vat /2 sa 
S/] = — [Ay(x) + 4A2(x)] (87) 
V2.0 
The curve for similar system interference with instantaneous sampling, Fig. 
14, was calculated from Eq. (87). 
For small values of x, we may use the ascending power series: 


ti(x) =] 1 ae. aS ‘ (88 

wo Sen jee 88) 
3° gf -. 

A,(x) = =] 1 - ¢ +. . oer (89 

oie 5-321! «5-6-3?- 42-2! ) 
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For large values of x, the following asymptotic formula has been derived by 
Mr. S. O. Rice by use of the Mellin-Barnes contour integral representation 
and the method of steepest descents: 


1 
2m — 1 


wr xA (x) ~Invx+1In32+y-—2{(1+ : +- ; +++ + 
J . 


9 
\m us 


: ft, (90) 
f=) mn V 7, 98 4y + rn + 


y = Euler’s constant = 0.5772 ... 
As x approaches zero, S/J approaches 2? Q, which is to be expected because 
the frequency deviation of the unwanted carrier is represented by a pair of 
first order sidebands P,Q times as great as those on the wanted carrier. 
Averaging over the random carrier phase difference brings in a factor ¥ 2, 
and averaging over all frame phases accounts for another. 





b 
= 


w 
= 








A) 
= 


MINIMUM SAMPLING FREQUENCY 
IN TERMS OF BAND WIDTH, W 
= 
T 








fe) i J | i 1 l ! i ! ! | ! ! 
0 Ww 2w 3W 4w 5W 6W 7W 
HIGHEST SIGNAL FREQUENCY IN TERMS OF BAND WIOTH, W 


Fig. 37—Minimum sampling frequency for band of width W. 





APPENDIX V 
SAMPLING A BAND OF FREQUENCIES DISPLACED FROM ZERO 


It is often necessary to transmit a signal band which does not extend all 
the way down to zero frequency. For example, a group of channels in FDM 
may be based on a set of carrier frequencies remote from zero. When we 
consider the application of pulse methods to transmit such a signal, the ques- 
tion of what sampling rate is needed immediately arises. A band extending 
from fi to fi + W could of course be translated to the range 0 to W by stand- 
ard modulation techniques, sampled at a rate 21, and restored to the 
original range by an inverse translation at the receiver. The frequency 
shifting apparatus required includes modulators, carrier generators, band 
separating filters, and possibly amplifiers to make up the inevitable losses. 
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A direct sampling process which avoids shifting the band may therefore be 
preferred. A useful theorem for uniformly spaced samples is that the 
minimum sampling frequency is not in general twice the highest frequency 
in the band but is given by the formula: 


f- = 2W {1+ : : (1) 
m 
where: 
f, = minimum sampling frequency 
Hi” = width of band 
f: = highest frequency in band 
m = largest integer not exceeding fo/W 
k = fe —m 
HW 


The value of & in (1) varies between zero and unity. When the band is 
located between adjacent multiples of 1’, we have k = 0 and it follows that 
f, = 2W no matter how high the frequency range of the signal may be. As 
k increases from zero to unity the sampling rate increases from 2W to 2W 


1 
(1+ —). The curve of minimum sampling rate versus the highest frequency 
m 7 


in a band of constant width thus becomes a series of sawteeth of successively 
decreasing height as shown in Fig. 37. The highest sampling rate is re- 
quired when m = 1 and & approaches unity. This is the case of a signal 
band lying between IW — Af and 2W — Af with Af small. The sampling 
rate needed is 2(217/ — Af) which approaches the value 41V as Af approaches 
zero. Actually when Af = 0, we change to the case of m = 2, k = O, and 
f, = 2W. The next maximum on the curve is 31, which is approached when 
f, nears 3. The successive maxima decrease toward the limit 21 as fo 
increases. The sampling theorem contained in Eq. (1) may be verified 
from steady state modulation theory by noting that the first order sidebands 
on harmonics of 2 do not overlap the signal when the equation is satistied. 








Abstracts of Technical Articles by Bell System Authors 


The Transistor——A New Semiconductor Amplifier’ J. A. BECKER and 
J. N. Surive. This article describes the construction, characteristics, and 
behavior of the newly discovered device, the transistor. Used as a semicon- 
ductor amplitier, it works on an entirely different principle and is capable of 
performing the same tasks now done by the vacuum tube triode. 

A Review of Magnetic Materials? R. A. CHEGWIDDEN. Significant advances 
have been made within recent years in the development of new and better 
magnetic materials, and in the theories of magnetism. High permeability 
materials that may be classed as non-conductors, materials with greatly 
improved initial pecmeabilities, and permanent magnet alloys capable of 
storing four or five times as much energy as those obtainable ten years ago 
are now available. Descriptions of some of these developments are given. 
The paper gives compilations of data and curve sheets showing some of the 
typical characteristics of many of these materials. 

Ratio of Frequency Swing to Phase Swing in Phase- and Frequency-M odula- 
tion Systems Transmitting Speech D. K. GANNETT and W. R. YOunG. 
Computed and measured data are presented bearing on the relation be- 
tween the phase and the frequency swing in phase- and frequency-modula- 
tion systems when transmitting speech. The results were found to vary with 
different voices, with the microphone and circuit characteristics, and with 
the kind of volume regulation used. With a particular carbon microphone, 
it was found that a phase deviation of 10 radians corresponds to a frequency 
deviation of between 11 and 15 ke in a phase-modulation system, and be- 
tween 6 and 12 ke in a frequency-modulation system, depending on condi- 
tions. 

Design and Performance of Ethylene Diamine Tartrate Crystal Units. 
J. P. Grirrin and FE. S. PENNELL. A research program on synthetic crystals 
has resulted in the development and adoption of EDT for carrier telephone 
filters. Some unusual physical properties of the crystalline material give 
rise to novelty in the processing methods and mechanical design of the units. 
These properties include anisotropic expansion coefficients, fragility, natural 
cleavages and water solubility. The electrical properties of EDT result in 
filters with wider pass bands and lower impedance levels than commerically 
obtainable with quartz. 

| Electrical Engineering, v. 68, pp. 215-221, March 1949, 

2 Metal Progress, November 1948. 


3 Proc. 1. R. E., v. 37, pp. 258-263, March 1949. 
44.1]. E. E. Transactions, v. 67, pt. 1, pp. 557-561, 1948. 
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Recent Improvements in Loading Apparatus for Telephone Cables.’ 8. G. 
Have, A. L. QUINLAN, and J. E. RanGrs. Through the use of improved ma- 
terials, manufacturing techniques, and designs, a series of exchange-area 
loading coils has been provided which is equivalent electrically to the super- 
seded types but requires one-third less copper and has considerably smaller 
overall dimensions. Similarly, 3-coil toll cable loading units have been pro- 
vided with a saving of one-half in both copper and core material, with a 
small sacrifice in electrical behavior as compared with superseded types. 
The reduced size of the new coils and units, together with improved assem- 
bly arrangements, made possible a 65 per cent saving in the volume and 
weight of the cases housing them. 

The Coaxial Transistor.6 Winston E. Kock and R. L. WALLACE, JR. 
The success of the earlier types of transistors led to the exploration of other 
forms of similar amplifiers, one of which is the coaxial transistor. A descrip- 
tion of its construction, characteristics, and many advantages is contained 
in this article. 

Paralleled-Resonator Fillers.’ J. R. Pierce. This paper describes a class of 
microwave filters in which input and output waveguides are connected by a 
number of resonators, each coupled directly to both guides. Signal com- 
ponents of different frequencies can pass from the input to the output 
largely through different resonators. This type of filter is a realization of a 
lattice network. An experimental filter is described. 

A Broad-Band Microwave Relay System between New York and Boston.$ 
G. N. THayer, A. A. ROETKEN, R. W. Frits, and A. L. DurkKEE. This 
paper describes the principal features of a broad-band microwave relay 
system which has recently been installed between New York and Boston. 
The system operates at frequencies around 4,000 Mc and provides two 
two-way channels, each accommodating a signal-frequency band extending 
from 30 cps to 4.5 Mc. Noise and distortion characteristics are satisfactory 
for the transmission of several hundred simultaneous telephone conversa- 
tions or a standard black-and-white television program. 

Growing Crystals of Ethylene Diamine Tartrate.? A. C. WALKER and G. T. 
KouMaAn. The need for a synthetic piezoelectric crystal to relieve the critical 
quartz supply situation has resulted in the development by the Bell Tele- 
phone Laboratories of a new organic salt crystal, ethylene diamine tartrate, 
which is being used in place of quartz in telephone circuits. 

This crystal is grown from a supersaturated aqueous solution of its salt 
by an entirely new method known as the constant temperature process. It 

5 A.1. E. £. Transactions, v. 67, pt. 1, pp. 385-392, 1948. 

6 Electrical Engineering, v. 68, pp. 222-223, March 1949. 

7 Proc. I. R. E., v. 37, pp. 152-155, February 1949. 


8 Proc. I. R. E.—Waves and Electrons Section, v. 37, pp. 183-188, February 1949, 
9A.1. E. £. Transactions, v. 67, pt. 1, pp. 565-570, 1948. 
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differs from previous methods used for growing large single crystals from 
solution, in that the solution saturated at one temperature is continuously 
fed into a crystallizer tank maintained at a slightly lower temperature, thus 
providing the supersaturation condition necessary for crystal growth. Fur- 
ther, the solution is circulated in such a manner that the partially im- 
poverished mother liquor overflows from the growing tank back into the 
saturator where it is refortified and filtered. It is then heated and returned 
to the growing tank in such a way as to avoid the formation of undesirable 
crystal nuclei. 

The paper contains a description of the new method which is now in 
commercial operation, together with a general discussion of some of the 
important principles involved in the successful growth of large single crystals 
of water soluble salts. 

Crystal Filters Using Ethylene Diamine Tartrate in Place of Quarts.° E. S, 
Wittis. Ethylene diamine tartrate (EDT) crystal filters were developed to 
replace the earlier quartz type channel filters in the broad-band carrier 
telephone systems, because of the threatened scarcity of quartz. These new 
filters give performance comparable to that of the earlier design. The growth 
of the EDT crystals from seeds and their fabrication into crystal units for 
use in filters are covered in companion papers on “Design and Performance 
of Ethylene Diamine Tartrate Crystal Units” and “Growing Crystals of 
Ethylene Diamine Tartrate” in this same volume of the Transactions 


0 4,1. E. E. Transactions, v. 67, pt. 1, pp. 552-556, 1948 
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